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THE  DIELECTRIC  FIELD  IN  AN  ELECTRIC  P'O^ffSR 

CABLE 


BY  R.  W.  ATKINSON 


Abstract  of  Paper 

The  data  given  pertain  particularly  to  the  field  of  three-oon- 
duotor  three-phase  cables  when  supplied  with  three-phase  volt- 
age, and  are  primarily  the  solution  by  physical  measurements  of 
some  of  the  geometric  problems  of  the  three-conductor  three- 
phase  cable. 

Data  are  given  so  that  it  is  possible,  from  electrical  measure- 
ments on  three-conductor  cable,  to  determine  certain  specific 
quantities  as  permittivity,  resistivity,  etc.  of  the  dielectric  of 
tnree-conductor  cables  in  the  same  wa;^  as  can  readily  be  done  for 
single-conductor  cables,  from  geometric  consideratipns. 

Also,  there  is  shown  the  potential  and  stress  distribution  in  a 
threenconductor  cable.  The  most  extensive  data  are  based  on 
measurements  made  with  electrodes  in  an  electrically  conduct- 
ing liquid,  thus  simulating  a  homogeneous  dielectric.  Also  ex- 
ploring electrodes  were  built  into  some  actual  three-conductor 
cable,  and  measurements  were  made  when  three-phase  voltage 
was  supplied  to  the  conductors. 


IN  the  case  of  single-conductor  cable,  by  means  of  simple 
mathematical  calculation  it  is  readily  possible  to  cal- 
culate from  the  fundamental  data,  the  unit  quantities  of  the 
dielectric,  such  as  permittivity,  thermal  or  electrical  resistivity, 
the  corresponding  properties  of  the  cable  itself.  Also  the  volt- 
age gradient  at  the  conductor  surface  or  elsewhere  in  the  in- 
sulation may  easily  be  determined  in  terms  of  the  applied 
voltage  and  the  cable  dimensions,  or  the  unit  quantities  may 
be  determined  from  measurements  upon  cables. 

Very  few  corresponding  data  for  three-conductor  cable  are 
available.  The  reason  for  this  is  the  diflSculty  of  the  mathe- 
matical work  required  for  this  solution  and  also  the  complicated 
form  of  those  results  which  have  been  obtained.  By  means 
of  electrical  measurements  in  a  tank  of  conducting  liquid  con- 
taining electrodes  representing  the  conductors  and  sheath  of 
a  cable  a  solution  is  obtained  of  many  of  the  problems  of  the 
three-conductor  cable.    Also  there  are  reported  the  results 
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•  •. 

of  a  few  measiireiiients  of  voltage  gradients  and  of  potentials 
in  an  actual  tKfe^-conductor  cable. 

A  great  iai?i\y  data  are  available  regarding  the  effect  of  strand- 
ing of  singJe-Conductor  cable  upon  the  gradient  and  the  dielec- 
tric'-strefi^h.    We  have  added  somewhat  to  the  data  now 
a.^iljtt)le  on  voltage  gradient.    For  various  reasons,  the  prac- 
;'-ti<!al  effect  on  dielectric  strength  of  the  increase  of  gradient 
v..  -  due  to  stranding  is  not  in  proportion  to  that  increase.    Two 
•'.•.*/      reasons  probably  predominate:  the  change  in  gradient  affects 
only  a  very  small  thickness  of  dielectric;  it  probably  usually 
occurs  that  a  better  mechanical  construction  results  when 
paper  wrappings  are  applied  to  a  stranded  than  to  a  solid  con- 
ductor.   Further  data  regarding  this  matter  are  of  very  con- 
siderable importance. 

It  is  intended  to  leave  most  of  the  application  of  these  data 
for  presentation  at  a  later  time,  though  some  of  the  directions 
in  which  it  is  useful  will  be  pointed  out  briefly.  It  is  important 
to  distinguish  from  the  beginning  between  two  distinct  uses 
for  the  data  given.  First,  there  is  the  correlation  of  the  capac- 
itance of  the  cable  with  the  permittivity  of  the  dielectric, 
the  resistance  of  the  cable  with  the  resistivity  of  the  dielectric, 
etc.  Second,  there  is  the  determination  of  voltage  gradient. 
Concerning  the  first  there  is  a  very  definite  and  immediate 
application.  The  field  of  application  of  the  second  is  much 
less  definite  though  actually  far  more  extended.  The  distribu- 
tion of  the  voltage  gradient  in  various  parts  of  a  cable  is  one 
of  the  several  fundamental  considerations  governing  the  voltage 
rating  of  the  cable. 

Measurements  of  stresses  and  capacities,  both  three-phase 
and  single-phase,  were  begun  in  the  laboratory  of  the  Pitts- 
burgh factory  of  the  company  with  which  the  writer  is  asso- 
ciated, in  1913,  under  the  direction  of  C.  W.  Davis.  At  this 
time  were  begun  the  experiments  with  a  tank  of  liquid,  or 
solid  electrolyte  similar  to  that  hereinafter  described,  and  the 
results  obtained  were  substantially  in  accordance  with  the 
results  herein  published.  Later  experiments  were  made  at 
Perth  Amboy  in  1917  and  again  in  the  spring  of  1919  by  the 
writer.  In  the  successive  series  of  tests  some  of  the  earlier 
measiu^ements  were  repeated  and  the  field  of  study  was  ex- 
tended, and  apparatus  was  devised  which  would  permit  of  a 
still  more  accurate  measiu^ement  of  the  stresses  than  those 
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obtained  in  1913.  This  paper  deals  largely  with  the  actual 
measurements  made  in  the  last  two  series  of  tests,  though  a 
brief  summary  of  part  of  the  earliest  series  is  added. 

Determination  ofTCapacity  Relations 

The  determination  of  capacity  relations  will  first  be  de- 
scribed. The  experimental  work  consisted  in  the  measurement 
of  resistance  between  electrodes  placed  in  a  tank  of  electrolyte 
with  the  electrodes  so  arranged  that  they  occupied  the  same 
relative  position  to  each  other  as  do  the  separate  metallic 
parts  of  a  three-conductor  cable. 

The  terms  conductors  and  sheath  will  be  applied  to  the  elec- 
trodes representing  them,  and  the  terms  conductor  and  belt  in- 
sulation to  that  part  of  the  electrolyte  occupying  the  position 
that  the  conductor  and  belt  insulation  would  occupy  in  a 
cable.  Alsp  the  terms  "filler"  or  "filler  space"  will  be  applied 
to  the  part  of  the  section  corresponding  to  that  part  of  the 
cable  section  usually  occupied  by  jute  or  paper  "filler."  The 
term  cable  will  be  applied  to  the  complete  set  of  electrodes 
and  electrolyte  in  any  one  arrangement. 

The  capacity  relations  were  determined  in  the  following 
manner.  The  conductors  and  sheath  were  arranged  in  their 
relative  positions  in  a  wooden  tub  containing  fairly  high  re- 
sistance water.  Measurements  were  made  of  the  resistance 
between  electrodes  when  they  were  connected  in  various  ways. 
The  following  were  the  connections  used. 

1.  One  conductor  vs.  another  conductor.  (Sheath  and  third 
conductor  free). 

2.  One  conductor  vs.  two  conductors.     (Sheath  free) . 

3.  One  conductor  vs.  sheath.     (Other  conductors  free). 

4.  One  conductor  vs.  one  conductor  and  sheath.  (Third 
conductor  free). 

5.  One  conductor  vs.  the  other  two  conductors  and  sheath. 

6.  Two  conductors  vs.  sheath.     (Third  conductor  free). 

7.  Two  conductors  vs.  sheath  and  third  conductor. 

8.  All  conductors  vs.  sheath. 

One  of  the  same  conductors  was  then  placed  in  the  center 
of  the  same  sheath,  thus  forming  the  equivalent  of  a  single- 
conductor  cable,  and  a  reading  taken  of  resistance  between  con- 
ductor and  sheath.  The  ratio  of  the  resistances  for  the  three- 
conductor  connections  to  the  resistance  of  the  single-conductor 
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to  sheath  gave  the  ratio  of  capacities  for  the  three-conductor 
connections  as  compared  to  the  capacity  of  a  single-conductor 
cable  having  the  same  size  conductor  and  sheath.  The  single- 
conductor  capacity  can  easily  be  calculated.  The  matter  may 
be  explained  in  another  manner.  The  measurement  with 
concentric  tubes  furnishes  data  for  ready  calculation  of  the 
resistivity  of  the  electrolyte.  The  three-conductor  measure- 
ments thus  are  made  with  "dielectric"  of  known  resistivity  and 
conductors  of  known  dimensions. 

The  above  measurements  were  made  with  various  propor- 
tions of  belt  to  conductor  insulation  and  with  various  ratios  of 
conductor  to  sheath  diameter. 

The  resistance  measiu'ements  were  made  using  single-phase 
60-cycle  current,  by  measuring  the  applied  voltage  and  the 


CM 


8 
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Fig.  1 — ^Wiring  Diagram  for  Determining  Capacity  Relations 


energy  consumed  in  the  resistance  of  the  electrolyte.  For 
the  latter  measurement  there  was  used  the  wattmeter  connec- 
tion of  a  Rowland  dynamometer,  the  connection  being  such 
that  the  resistance  of  the  fixed  coils  was  included  in  the  measiu'e- 
ments. Approximately  two  volts  from  an  auto-transformer 
was  applied  to  the  tubes,  and  watt  readings  were  taken  for  the 
various  connections,  from  which  the  effective  resistance  be- 
tween the  electrodies  could  be  calculated.  The  dynamometer 
was  calibrated  by  substituting  a  variable  known  resistance  for 
the  electrolyte. 

The  bottom  of  the  tub  was  covered  with  a  layer  of  paraflSne 
which  prevented  end  effect  due  to  possible  conduction  in  the 
water-soaked  wooden  bottom,  and  also  served  as  a  flat  level 
bottom  on  which  to  rest  the  tubes. 
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To  check  the  general  accuracy  of  the  method  and  the  ap- 
plicability of  the  results,  a  large  number  of  measiu^ements 
were  made  with  concentric  tubes.  Resistance  measurements 
were  made  between  many  combinations  of  pairs  of  different 
sizes.  Also  after  a  measurement  was  made  between  such  a 
pair  of  rings,  a  third  one  was  placed  between  the  two  and  con- 


TABLE  I. 


Ratio  thickness  belt 

insulation 

Sheath  Diam. 

Cond.  Diam. 

to   thickness  con- 

ductor insulation 

15.4  in. 

3.62  in. 

0. 

« 

« 

0.25 

If 

a 

1.0 

15.4 

2.50 

0. 

■I 

M 

0.25 

<■ 

m 

1.0 

15.4 

1.90 

0. 

<■ 

M 

0.25 

« 

« 

1.0 

11.8 

2.5 

0. 

« 

0.25 

If 

1.0 

11.8 

1.9 

0. 

M 

0.25 

U 

1.0 

9.9 

2.5 

0. 

a 

0.25 

M 

1.0 

9.9 

1.9 

0. 

« 

« 

0.25 

a 

It 

1.0 

centric  with  them  and  measurements  repeated.  By  this  means 
it  was  shown  that  the  resistances  obeyed  the  theoretical  law. 

These  measurements  showed  that  end  effect  actually  had 
been  eliminated  by  the  initial  arrangement. 

Another  disturbing  factor  was  detected  and  eliminated 
through  the  agency  of  these  tests.  The  tubes  or  rings  seemed 
to  have  a  high  surface  resistance  possibly  due  to  polarization. 
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Water  of  fairly  low  resistivity  was  being  used  (a  very  weak 
saline  solution).  The  resistance  was  increased  largely  by  the 
use  of  distilled  water  mixed  with  a  very  small  amount  of  tap 
water.  This  however  only  partly  removed  the  difficulty, 
as  the  surface  resistance,  though  relatively  smaller,  was  larger 
absolutely,  and  large  enough  to  cause  the  results  to  be  slightly 
in  error.  It  was  found  that  if  the  tubes  were  thoroughly 
polished  with  fine  sandpaper  or  emery  cloth  at  sufficiently 
short  intervals  this  resistance  could  be  entbely  eliminated. 
In  measiu^ements  of  stress,  described  later,  even  a  much 
lower  surface  resistance  would  have  been  of  importance, 
but  careful  tests  showed  it  was  possible  to  entirely  free 
the  results  from  this  type  oi  error.  Attempts  were  made 
to  use  some  rings  made  of  galvanized  iron,  but  this  ma- 
terial did  not  give  satisfactory  results  and  was  aban- 
doned. 

Measiu^ements  were  made  with  the  sizes  and  arrangements  of 
electrodes  shown  in  Table  I. 

All  tubes  were  of  copper  and  83^  in.  high.  The  readings  for 
different  connections  for  any  one  cable  checked  the  relations 
given  by  Russell  within  2  per  cent. 

These  relations  are  as  follows; 

TABLE  II. 

(1)  Capacity  between  1  and  2  -  1/2  (a  -  6) 

(2)  "  -        1  and  2.  3  =  2/3  (a  -  6) 

(a  -  b)  (a  -f  26) 

(3)  -  *        1  and  S  (2  and  3  insulated) 

a  +b 

(a  -  6)  (a  -f  b) 

(4)  -  «        1  and  5.  2  (5  insulated) 

a 

(5)  -  -        1  and  5.  2,  3  -  o 

(6)  ■  *       5  and  1.  2  (3  insulated)  -  2  (a  -  6)  (a  +  26) 

a 

(7)  *  *        1.5,and2,3  -  2  (o  +6) 

(8)  -  "1.2.  3.  and  5  -  3  (o  +  26) 

With  each  cable,  actual  measurements  were  made  of  all  the 
8  combinations,  though  the  tests  on  No.  1  and  No.  5  were  made 
with  the  greatest  care.  From  these,  the  values  of  a  and  b 
were  calculated,  and  following  this,  the  values  of  the  other  six 
combinations.  Check  with  measiu^ements  was  made  as  in- 
dicated above. 
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Appucation  of  Data  of  Capacitancb  and  Charging 

CUERBNT 

The  data  of  these  measurements  are  shown  only  in  the  final 

form,  Fig.  2.     Specifically,  Fig.  2  gives  the  charging  current 


Fia,  2 — Chaboihg  Currents  fob  Round  Three-Condcctor  Cables 
Based  on  Spscinc  Inductivb  Capacity  op  3.27  and  a  Fbequenct  of 
60  Ctcucb 

Nou: — Tbe  atMctraA  shown  applies  to  nil  5  sets  of  curves. 

of  different  sizes  of  cable  within  the  range  of  present  practise. 
The  values  are  based  on  a  frequency  of  60  cycles  and  a  specific 
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inductive  capacity  of  3.27,  the  latter  being  a  somewhat  arbitrary 
figure  but  actually  about  the  normal  value  for  impregnated 
paper.*  By  the  use  of  constants  given  below,  the  chart  may 
be  used  for  the  determination  from  unit  quantities  of  the  various 
other  properties  of  a  three-conductor  cable. 

To  find  microfarads  per  mile  multiply  the  values  taken 
from  the  curves  by  0.014. 

To  find  insulation  resistance  of  any  cable  in  megohm-miles 
divide  the  number  of  megohms  resistivity  (cm.  unit)  of  the 
dielectric  by  the  value  obtained  from  the  curve  Fig.  2  and  mul- 
tiply by  2.06  X  10-*. 

To  find  the  temperature  rise  across  the  insulation  due  to  one 
watt  per  foot  of  copper  PR  in  a  3-conductor  cable,  divide  0.1097 
by  the  charging  current  given  for  three  conductors  to  ground, 
and  multiply  by  the  thermal  resistivity  in  watt-cm.  imits. 
(This  is  of  the  orderof  500  to  1000  for  most  insulating  materials.) 

The  niunber  of  milamperes  per  kv.  to  neutral  per  1000  ft. 
is  also  equal  to  the  number  of  volt  amperes  per  1000  ft.  with 
one  kilovolt  of  three-phase  voltage  between  conductors.  This 
forms  a  very  convenient  basis  for  comparison  of  dielectric  loss 
data  on  cables  of  different  size  conductors  and  different  thick- 
ness of  insulation  and  with  three-phase  voltage  supply.  When 
the  power  factor  and  specific  inductive  capacity  of  any  in- 
sulating material  are  found  by  tests  on  one  or  more  cables,  the 
three-phase  losses  in  kw.  per  1000  ft.  on  any  other  cable 
with  that  insulating  material  may  be  determined  by  multiplying 
the  volt-amperes  per  1000  ft.  as  obtained  from  the  chart,  by 
the  power  factor,  by  the  ratio  of  the  specific  inductive  capacity 
to  3.27,  and  by  the  square  of  the  number  of  kilovolts  between 
conductors. 

It  will  be  observed  that  though  all  the  capacity  measurements 
indicated  are  with  single-phase  current  supply,  data  are  given 
for  three-phase  charging  current.  There  is  a  very  simple 
theoretical  relation  between  the  three-phase  connection  and 
single-phase  connection  No.  1,  but  we  have  not  relied  solely 
upon  that.  The  measurements  may  be  considered  as  supplying 
information  as  to  charging  current  of  the  single-phase  connec- 
tions only.  By  measurements  on  many  cables  it  is  known  that 
the  charging  current  per  conductor  with  three-phase  voltage 
is  the  same  as  that  for  single-phase  voltage,  connection  No.  1, 

*See  Appendix  A  for  instructions  as  to  how  to  use  Fig.  2. 
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when  the  voltage  from  conductor  to  sheath  is  the  same  in  each 
case.  (In  case  of  connection  No.  1  the  third  conductor  is  at 
sheath  potential,  whether  actually  connected  to  sheath,  or 
free).    This  is  the  theoretical  relation  said  above  to  exist. 

Sometimes  it  is  important  to  know  the  charging  current 
which  may  flow  in  the  case  of  a  system  operating  with  im- 
grounded  neutral,  when  one  of  the  lines  becomes  grounded. 
The  value  of  the  current  is  of  importance  for  various  reasons 
external  to  the  cable  itself.  Also,  on  accoimt  of  large  increase 
in  the  kilovolt-amperes  of  the  charging  current,  there  will  be 
at  least  a  proportionate  increase  of  dielectric  losses.  These 
particular  data  are  calculated  from  the  other  data  given  by 
the  use  of  the  same  method  Russell  gives  for  calculating|the 
relationship  of  the  various  single-phase  capacities.  The  data 
follow: 

Let  Cs  and  0%  represent  respectively  the  single-phase  charg- 
ing currents  per  kv.  for  one  conductor  against  the  other  two 
and  sheath,  and  for  three  conductors  against  sheath.  For 
normal  three-phase  operation  then,  the  charging  current  per 
kv.  to  ground  on  each  conductor  is  equal  to  1.5  Cs  —  0.167  Cs. 
With  a  grounded  conductor  the  charging  cmrent  on  each  of 
the  free  conductors  perkv.  is  equal  to  \/0.752C6*+  O.OZld^, 
which,  for  practical  purposes  is  identical  with  0.91  Cs.  The 
charging  currents  per  kv.  on  the  grounded  conductor  and  on 
the  sheath,  are,  respectively,  equal  to  0.0866  Cs  —  0.288  Cg 
and  0.577  0%.  With  a  given  operating  voltage  E  between  con- 
ductors, the  charging  current  values  are  therefore  as  follows: 

For  each  conductor  on  normal  three- 
phase  operation J5;(0.866Cb  -  O.OdGC^) 

For  each  free  conductor  when  one  of  the 

conductors  is  grounded O.dlEC^ 

For  the  grounded  conductor  JE;(0.866C6  -  0.288C8) 

For  the  sheath  when  one  of  the  con- 
ductors is  groimded O.bllECg 

The  total  volt-amper^  due  to  the  charging  current  will  be, 
on  normal  operation  V3  EI,  which  is  equal  to 

E^  (1.5Cb  -  0.167C8) 

and  when  one  conductor  is  grounded 

B*(1.5C6  +  0.167C8) 
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Let  US  take  as  an  example  a  three-conductor  cable  with  4/0 
conductors,  having  6/32  in.  insulation  on  each  conductor  and 
6/32  in.  on  the  belt,  and  at,  say,  an  operating  voltage  of  11  kv. 

Cfi  =  0.0202  amperes  per  kv.  per  1000  ft. 
Cg  =  0.0365  amperes  per  kv.  per  1000  ft. 

The  charging  current  with  ordinary  operation  is,  therefore, 
0.154  amperes. 

With  one  of  the  phases  grounded,  the  charging  current  for 
each  free  conductor  is  0.203  amperes,  for  the  grounded  conduc- 
tor 0.077  amperes,  and  for  the  sheath  0.231  amperes. 

The  total  volt-amperes  for  the  case  where  the  neutral  is 
grounded  will  be  2930,  and  for  the  case  where  one  of  the  con- 
ductors is  grounded  4400.  On  the  basis  of  the  same  power 
factor,  the  dielectric  loss,  as 'well  as  the  volt-amperes  of  the 
charging  current,  in  the  second  case  will  be  50  per  cent  higher 
than  in  the  first. 

Explanation  of  Nature  of  Field  With  Three-Phase 

Voltage  Supply 

Fig.  4  is  presented  largely  to  illustrate  the  general  nature 
of  the  field  in  a  three-conductor  cable  upon  which  three- 
phase  voltage  is  impressed.  There  are  two  sets  of  curves 
shown — one  showing  Jines  of  equal  phase,  and  the  other 
showing  lines  of  equal  maximum  potential.  Each  set,  to 
be  complete,  should  comprise  the  entire  360  deg.  of  section, 
but,  because  of  symmetry,  the  120  deg.  included  by  each  set 
gives  information  which  is  exactly  as  complete.  The  method 
used  for  the  determination  of  these  data  is  not  dissimilar 
to  the  one  previously  described  in  connection  with  the  meas- 
urement of  single-phase  capacity  relations. 

The  isophase  line  shows  the  phase  relations  of  the  poten- 
tials existing  in  the  cable  section.  Taking  the  phase  of  the 
potential  of  the  left  hand  conductor  as  the  basis  of  reference, 
and  calling  it  0  deg.,  the  phase  of  the  potential  of  the  right 
hand  conductor  will  be  120  electrical  degrees  away.  The 
phases  of  the  potentials  at  all  points  included  by  the  120 
geometric  degrees  between  the  radii  through  the  centers  of 
these  two  conductors  are  as  indicated  by  the  isophase  lines. 
Another  way  of  considering  this  set  of  curves  is  as  follows: 
At  some  instant  the  0  deg.  line  will  be  at  zero  potential. 
After  the  lapse  of  an  interval  of  time  represented  by  one 
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electrical  degree,  the  1-deg.  line  will  be  at  zero  potential ;  after 
the  lapse  of  another,  and  exactly  equal  interval,  the  2-degree 
line  will  be  at  zero  potential;  until,  finally,  after  a  total  in- 
terval of  time,  represented  by  120  electrical  degrees,  has 
elapsed,  the  120-degree  line  will  be  at  zero  potential.  It  will 
be  noted  that  the  change  of  phase  is  much  more  rapid  (that 
is,  a  given  distance  corresponds  to  much  more  phase  change) 


FtQ.  4 — Lines  or  Isofhabe 


Equal  Maximum  Potential 


"  as  the  radius  bisecting  the  center  line  of  conductors  (the  60- 
degree  line)  is  approached.  This  difference  is  very  pronounced 
at  the  sheath,  less  so  at  the  conductors,  and,  as  the  center 
of  the  cable  is  approached,  becomes  nearly  unnoticeable. 
At  the  very  center  the  variation  does  not  exist  at  all,— in 
other  words,  the  electrical  degrees  coincide  exactly  with  the 
geometric  degrees. 


982  ATKINSON:  THE  DIELECTRIC  FIELD  [June  27 

The  lilies  of  equal  maximum  potential  are  the  loci  of  points 
having  the  same  maximum  potential  above  ground  at  some 
time  during  the  cycle.  These  curves  should  not  be  con- 
fused with  equipotential  lines,  which  represent  instantan- 
eous values  of  potential,  and  would  be,  for  a  three-phase 
field,  different  at  each  instant  of  time.  Wide  spacing  be- 
tween the  lines  of  maximum  potential  does  not  indicate  low 
stress.  Particularly  is  this  true  near  the  position  midway 
between  two  conductors.  Here  the  lines  of  maximum  po- 
tential are  rather  widely  spaced,  but  points  a  very  short  dis- 
tance apart  reach  their  maxima  at  such  different  instants 
that  the  voltage  gradient  is  actually  very  high.  The  curves 
for  potentials  very  close  to  the  maximum  potential  of  the 
conductor  are  circular  in  form,  and  concentric  with  the  con- 
ductor. For  lower  potentials  the  lines  are  no  longer  circular 
but  still  completely  surround  the  conductor.  Finally,  a 
value  of  potential  is  reached,  below  which  there  are  two  lines 
for  each  value  of  potential, — one  coming  within  the  space 
between  conductor  and  sheath,  and  the  other  coming  en- 
tirely within  the  space  between  conductors,  and  symmetrical 
about  the  center  of  the  cable.  As  zero  potential  is  ap- 
proached these  lines  becomes  circles  concentric  with  the 
cable. 

Either  set  of  curves  taken  by  itself  is  useful  as  general  in- 
formation, but  nothing  really  definite  can  be  deduced  from 
it.  The  two  sets  taken  together,  however,  completely  spec- 
ify the  three-phase  field  of  the  cable.  By  the  use  of  the  two 
sets,  the  potential  above  ground  and  its  phase  relation  may 
be  found  for  any  point  in  the  cross  section  of  the  cable  at 
any  instant  of  time.  Stress  data  may  be  obtained  by  de- 
termining the  voltages  and  their  directions  at  two  points 
which  are  close  together.  Stress  data  thus  obtained,  how- 
ever, would  not  be  of  a  sufficient  degree  of  accuracy  to  be  of 
great  value. 

For  acciu^ate  stress  determination  it  is  necessary  to  meas- 
ure the  actual  difference  of  potential  between  two  points,  a 
known  small  distance  apart,  rather  than  to  correlate  the 
voltages  between  the  two  given  points  and  a  given  basis  of 
reference.  The  method  used  for  making  these  measure- 
ments is  described  in  the  next  section.  The  data  given  in 
Fig.  4  might  readily  be  calculated  from  the  stress  data 
recorded  later,  which  were  gotten  by  this  method. 
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Stresses  as  Measured  with  Euqctrolyte  Tank 
The  stresses  in  the  three-phase  field  were  measured  in  the 
following  manner:    An  exploring  device  was 
made  up  as  shown  in  Fig.  5.     Two  steel  rods 
about  1/16  in.  in  diameter  and   83-^  in.  long 
were  fitted  into  small  hard  rubber  blocks  so  as 


to  form  a  frame.  Half  way  between  the 
steel  rods,  and  with  their  plane  perpen- 
dicular to  the  plane  of  the  rods,  two 
No.  26  bronxe  wires  were  held  taut. 
These  bronze  wires,  which  were  approxi- 
mately 0.25  in.  apart,  served  as  the 
.  potential  electrodes.  The  potential  be- 
tween the  wires  divided  by  the  distance 
apart  is  quite  accurately  equal  to  the 
stress  at  the  point  half  way  between 
them. 

The  whole  exploring  device  was  freely 
suspended  from  the  tracing  point  ef  a 
pantograph,  Fig.  6,  the  drawing  point  of 
which  indicated  upon  a  representative 
drawing  the  position  of  the  electrodes  in 
the  tank. 

Fastened  to  the  exploring  device  above 
the  point  where  it  was  suspended  was 
fixed  a  small  pointer  which  indicated  upon 
a  circular  scale  the  plane  of  the  electrodes. 
The  rigging  of  the  pantograph,  Fig.  6,  was 
so  arranged  that  any  line  on  the  circular 
scale  always  maintained  a  fixed  angle 
with  any  line  upon  the  representative 
drawii^. 

In  order  to  measure  voltage  between 
these  points  when  they  are  in  the  field 
between  the  three  conductors,  upon  which 
is  impressed  three-phase  voltage,  it  is 
nece£Bary  to  measure  the  magnitude  and  phase  displacement 
with  respect  to  a  fixed  voltage,  and  to  do  so  without  dis- 
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tortion  of  the  electrical  field  by  the  measuring  current.  The 
second  requirement  demands  that  a  null  method  be  used,  or 
that  the  instrument  for  measuring  the  voltage  be  of  sufficient 
sensitivity  so  that  the  current  which  it  takes  will  distort  the 
field  by  a  negligible  or  a  very  small  and  known  amount.  It 
will  be  seen  below  that  the  latter  arrangement  has  been  used 
with  very  satisfactory  results.  To  secure  the  correct  measure- 
ment of  the  voltage  regardless  of  its  phase  and  to  measure 
the  displacement,  it  was  first  proposed  to  make  use  of  a  phase- 
shifting  transformer,  but  the  method  to  be  described  proved 
actually  simpler  in  operation  and  fully  as  accurate  in  results. 

The  potential  across  the  electrodes  was  measured  by  means  of 
a  Rowland  electro-dynamometer,  the  field  of  which  was  sep- 


FiQ.  6 — Pantograph 


arately  excited  with  fifty  amperes,  as  shown  in  Fig.  7.  The 
connections  were  so  arranged  that  it  was  possible  to  obtain 
currents  in  the  field  circuit  that  were  equal  and  ninety  degrees 
out  of  phase  with  each  other  by  merely  throwing  a  switch  (No. 
1).  These  currents  were  obtained  by  taking  taps  from  a 
star-connected  three-phase  transformer,  one  side  of  the  switch 
being  connected  across  one  leg  of  the  transformer  winding, 
and  the  other  across  approximately  58  per  cent  of  the  wind- 
ings of  the  other  two  legs.  The  neutral  of  the  transformer  was 
grounded.  The  potential  circuit  contained  40,000  ohms  non- 
inductive  series  resistance. 

The  reactances  of  the  fixed  coil  and  of  the  auto-transformer 
were  compensated  by  a  capacity  of  16  microfarads  shunted 
across  a  variable  resistance.    The  compensation  was  accomp- 
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lished  in  the  following  manner:  A  voltage  in  phase  with  the 
voltage  across  one  side  of  the  main  field  switch  was  impressed 
on  the  moving  coil  circuit.  When  switch  No.  1  was  thrown 
on  that  side,  the  field  current  was  approximately  in  phase  with 
the  current  in  the  potential  circuit,  and  a  large  deflection  re- 
sulted. With  switch  No.  1  thrown  in  the  opposite  direction, 
the  field  current  was  nearly  90  degrees  out  of  phase,  and  a 
very  small  deflection  resulted.  The  resistance  which  shunted 
the  condensers  was  then  varied  until  this  deflection  was  zero. 
To  insure  that  the  voltages  on  the  two  sides  of  the  switch  were 
at  the  proper  90-degree  relation  with  each  other,  the  circuits 
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FiQ.  7 — Wiring  Diagram  of  Connections  for  Stress  Measurembnts 


were  then  interchanged,  so  that  voltage  from  the  other  side 
of  No.  1  switch  was  required  to  produce  zero  deflection.  It 
was  found  that  the  phase  relation  was  correct  within  J/^  p«* 
cent. 

The  procedure  of  the  stress  measurements  was  then  as 
follows: 

An  accurate  template  was  made  of  thin  Bakelite  fibre,  so 
that  the  conductors  and  sheath  always  maintained  the  same 
relative  position. 

A  large  circular  piece  of  plate  glass  was  placed  in  the  bottom 
of  the  electrolyte  tub  and  leveled   by   means   of   a    spiri 
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meter  deflection  with  the  main  field  switch  first  on  one  side  and 
then  on  the  other.  This  gives  both  components  of  the  stress 
as  compared  to  the  voltage  to  neutral  of  conductor  A.  From 
these  readings  the  stress  and  phase  angle  could  easily  be  cal- 
culated. 

Voltage  was  read  across  the.  points  indicated  on  Fig.  7.  This 
voltage  was  frequently  compared  with  the  voltage  directly  on 
the  conductors.  The  three-phase  field  would  have  been  slightly 
distorted  had  it  been  attempted  to  keep  the  voltmeter  connected 
to  the  conductor  while  making  stress  measurements,  due  to  the 
slight  additional  drop  across  the  series  lamp  bulbs. 

Calibration  of  the  instrument  was  made  by  means  of  a  po- 
tentiometer connected  as  diown  in  Fig.  7.  A  deflection  of  the 
dynamometer  of  8.08  divisions  per  volt  was  obtained  with 
40,000  ohms  series  resistance  and  50  amperes  field  current. 
All  results  were  placed  on  a  conunon  basis  of  field  current  and 
conductor  voltage. 

The  deflections  along  the  180-degree  line  were  plotted,  and 
the  average  of  this  curve  between  the  conductor  and  center  of 
cable  was  found.  The  average  voltage  between  the  conductor 
and  center  of  cable  was  the  voltage  on  the  conductor  divided 
by  the  distance.  The  average  deflection  divided  by  the  cali- 
bration constant  and  by  the  distance  Ijetween  the  exploring 
electrodes  must  exactly  check  the  average  voltage.  From  this 
relation  it  is  possible  to  find  the  exact  distance  between  elec- 
trodes. 

We  have  mentioned  the  possibility  of  field  distortion  due 
to  the  current  taken  by  the  apparatus  used  for  measuring  the 
potential  difference  of  exploring  electrodes.  The  effect  of 
this  upon  the  measurements  described  above  was  investigated 
in  the  following  manner.  With  the  exploring  electrodes  main- 
tained in  a  given  electric  field  in  the  tank,  the  resistance  in  the 
metering  circuit  was  varied  through  a  wide  range.  The  recip- 
rocals of  the  deflections  were  plotted  as  ordinates  against  the 
external  series  resistance  as  abscissas.  The  resultant  "curve" 
was  a  straight  line  cutting  the  axis  at  a  negative  value.  This 
value  is  equal  to  the  effective  resistance  between  the  electrodes 
If  this  resistance  be  added  to  the  external  resistance  in  deter- 
mining the  calibration  constant,  we  fully  correct  for  what- 
ever small  distortion  there  may  occur,  for  it  follows  from  the 
above  that  the  same  voltage  is  obtained  regardless  of  the 
series  resistance,  and  therefore  the  value  is  the  same  as  for 
infinite  resistance,  or  zero  ciurent  and  distortion. 
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The  calibration  of  the  electrode  fastened  to  the  tube  was 
found  by  measuring  the  stress  in  a  single-conductor  concentric 
field.  The  stress  can  here.be  quite  accurately  calculated  and 
the  distance  between  the  No.  40  wire  and  the  tube  was  found 
from  the  relation  that  the  stress  at  a  point  half  way  between 
the  wire  and  the  conductor  must  equal  the  deflection  divided 
by  the  calibration  constant  of  the  instrument  divided  by  the 
distance  between  the  wire  and  conductor.  The  internal  resis- 
tance between  this  electrode  and  the  conductor  was  found  in 
the  same  way  as  for  the  other.  The  calibration  constant  to 
be  used  for  any  given  condition  is  that  given  above,  which 
applies  to  40,000  ohms  total  resistance,  divided  by  the  ratio 
of  the  actual  total  resistance  of  the  potential  circuit  (including 
internal  resistance  between  electrodes)  to  40,000.  This  ratio 
does  not  exceed  1.02  or  1.03. 

All  deflections  were  put  on  a  common  basis  by  dividing  by 
the  average  deflection  between  the  conductor  and  center  of 
cable  along  the  180-degree  line,  thus  giving  the  stresses  in 
terms  of  the  average  along  the  180-degree  line  from  conduc- 
tor to  center  of  cable. 

The  two  components  of  the  stresses  were  added  at  right 
angles,  and  the  angles  by  which  the  stresses  lead  the  voltage 
of  conductor  A  to  ground  were  calculated. 

The  values  were  plotted  in  Figs.  9  to  18  inclusive,  which  will 
be  described  in  detail  below. 

The  field  between  the  conductor  and  the  sheath  was  next 
investigated.  The  electrodes  were  placed  on  the  shortest 
line  between  conductor  and  sheath,  and  the  deflection  read. 
The  other  two  tubes  were  then  removed  without  disturbing 
the  position  of  the  remaining  electrode  or  its  voltage  to  ground. 
The  deflection  was  not  changed  by  the  removal  of  the  other 
conductors.  Other  spacings  and  sizes  of  tubes  were  used,  but 
never  did  the  removal  of  the  two  tubes  change  the  amount 
of  the  deflection.  From  this,  we  can  draw  the  conclusion  that 
the  field  on  the  shortest  line  between  the  conductor  and  sheath 
is  a  single-phase  field  and  is  independent  of  the  presence  of 
the  other  two  conductors. 

Determination  was  then  made  of  the  effect  of  the  amount 
of  belt  upon  the  stresses  on  the  inside  of  the  cable.  Read- 
ings were  taken  with  the  tubes  so  arranged  as  to  simulate 
a  cable  with  equal  belt  and  conductor  insulation.  Then  with- 
out changing  the  position  of  the  conductors,  the  sheath  was 


990  ATKINSON:  THE  DIELECTRIC  FIELD  [June  27 

replaced  by  a  smaller  one.  This  new  ring  was  even  smaller 
than  one  that  would  correspond  to  the  sheath  of  an  unbelted 
cable.  Most  of  the  readings  were  .then  repeated.  The  change 
in  sheaths  produced  practically  no  change  in  stress  within  the 
portion  of  the  field  bounded  by  the  three  lines  joining  centers 
of  conductors. 

Description  of  Figs.  9  to  lb 

Fig.  9  shows  the  stresses  along  the  line  joining  the  center  of 
conductor  A  and  the  center  of  cable  in  terms  of  the  average 
stress  between  the  conductor  and  the  center.  This  average 
represents  the  total  voltage  of  conductor  A  divided  by  the 
distance  between  the  conductor  and  center  of  cable. 

In  all  the  following  curves,  as  well  as  most  of  the  subsequent 
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discussion,  stresses  are  given  in  terms  of  this  same  unit.  For 
a  round  conductor,  this  distance  between  conductor  and  center 
is  equal  to  1.154  times  the  conductor  insulation  (half  the 
distance  between  surfaces  of  conductors)  plus  0.077  times  the 
conductor  diameter. 

Curve  B  shows  the  stress  normal  to  the  line  of  centers  of 
conductor  A  and  cable.  Here  the  maximum  stress  occurs 
near  the  line  joining  the  centers  of  conductors  B  and  C. 

Fig.  10  shows  the  stresses  around  circle  a,  which  is  1/16  in. 
away  from  the  conductor.  All  stresses  were  measured  radial 
to  the  conductor.  It  will  be  noticed  that  the  maximum  stress 
occurs  on  the  line  which  passes  through  the  center  of  the  cable, 
though  there  is  very  little  difference  along  the  arc  inclosed  by 
the  center  lines  of  conductors. 
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Another  maximuin  occurs  at  the  outside  of  the  conductor 
on  the  shortest  line  betpreen  the  conductor  and  sheath.  This 
inazimutn  is  dependent  upon  the  total  thickness  of  insulation, 
including  conductor  and  belt. 
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Pigs.  11,  12,  13  and  14  show  the  stresses  on  the  various 
other  circles  diown.  It  will  be  noted  that  as  the  distance 
between  the  conductor  and  circle  increases  that  the  point  of 
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maximum  stress  moves  toward  the  line  joining  centers  of  con- 
ductors. Also  the  point  of  maximum  phase  difference  moves 
fartfacr  past  the  line  joining  centers  of  conductors. 
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Fig.  15  shows  the  stresses  on  the  outside  of  the  conductor 
along  the  shortest  line  from  the  conductor  to  sheath.  This  is  a 
lungle-phase  field  and  the  maximum  stress  can  be  calculated  by 


Fia.  12— Stebsb  along  Circle  (c)  of  Fio.  8 

Curve  A — Stna«  ia  tetmt  Bvsrage  itreu  between  conductor  and  center  of  cable  along 
ISO-degiee  line  (Fig.  8) 

Curve  B — Angle  by  vbich  atren  lead*  voltl^e  ot  conductor  A  to  neutral 

a  formula  given  by  Russell,  as  shown  below.    The  value  ob- 
tained from  the  curve  checks  within  2  per  cent  the  calculated 
value. 
Fig.  16  ia  given_in  this  paper  because  of  its  value  in  sup- 


Fio.  13 — Stress  alono  Circle  (d)  of  Fio.  S 

ISO-degree  line  [Fig.  8) 
■      Curve  B— Angle  by  which  itreu  Icadi  voltage  ol  conductor  A  to  neutral 


plying  data  outside  the  range  of  the  experimental  values. 
The  lowest  curve  gives  the  maximum  stress  toward  the  sheath 
of  a  three-conductor  cable  in  terms  of  the  averse  stress 
between  conductor  and   sheath.    The  middle  curve  give 
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for  a  single-conductor  cable  the  maximum  stress  in  terms  of 
the  average.  The  upper  curve  simply  gives  the  ratio  be- 
tween the  maximum  stress  of  a  single-conductor  cable  and 
that  towards  the  sheath  of  a  three-conductor  cable  having 
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180-degree  Une  (Pig,  8) 

Curve  B— Angle  by  which  itreu  leads  voltage  o[  conductor  A  to  neutral 

the  same  size  conductor  and  the  same  distance  between 
conductor  and  sheath.  The  ordinates  for  this  last  curve 
are  obtained  by  dividing  the  ordinates  of  the^middle  curve 
by  those  of  the  lower  curve.     For  the  solution  of  all  prob- 
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lems  to  which  Fig.  16  is  applicable,  any  two  of  the  three 
curves  shown  give  the  complete  data. 

The  middle  curve  is  a  graphical  solution  of  the  common 
formula  showing  the  relation  between  maximum  and  average 
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stress  of  a  single  conductor  cable.     This  is 

maximum  stress      _         R  —  r 
average  stress  r  =  log  R/r 

r  being  the  radius  of  the  conductor,  R  the  radius  of  the  cable 
{ =  log}  being  natural  logarithm,  =  2.303  times  the  common 
logarithm). 

The  lowest  curve  is  a  solution  of  the  rather  lengthy  for- 
mula given  by  Russell  for  the  maximum  stress  between  ec- 
centric cylinders.  Since  we  have  found  that  this  maximum 
is  unaffected  by  the  presence  of  the  other  two  conductors 
of  a  three-conductor  cable,  we  may  expect  our  values  to 
check  a  solution  of  this  formula,  and,  as  stated,  have  found 
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they  do  so.  There  are  several  variables  in  this  formula, 
and  an  exact  solution  for  all  conditions  would  require  a  series 
of  curves.  However,  the  use  of  the  coordinates  taken  has 
enabled  us  to  plot  a  single  curve  which  is  correct  within  about 
one  per  cent  for  any  point. 

Fig.  17,  Curve  A,  gives  the  stresses  between  the  conductors 
on  the  line  joining  their  centers.  Curve  B  gives  the  angle  by 
which  the  stress  leads  the  voltage  of  conductor  A  to  neutral. 

The  vector  diagram,  Fig.  18,  was  drawn  primarily  as  a 
check  on  the  method  used  for  obtaining  stresses.  Inciden- 
tally, from  it  may  be  determined  voltages  between  a  conductor 
or  Uie  center  of  the  cable,  and  any  point  on  the  line  joining 
the  centers  of  the  two  conductors. 
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The  horizontal  line  A  X  is  drawn  to  represent  the  direc- 
tion of  the  voltage  of  conductor  A  to  neutral.  The  arc 
A  Z  B  B  was  obtained  by  the  addition  of  potential  differ- 
ences obtained  by  the  integration  of  stresses  (shown  in  Fig.  17) 
along  the  tine  joining  the  centers  of  the  conductors  A  and 
B. 

The  potential  at  a  point  along  thecent^  line  AB,a.  short  dis- 
tance from  conductor  A,  was  determined,  being  proportional 
to  the  area  included  below  curve  A  of  Pig.  17.  The  vec- 
tor representing  this  potential  was  plotted  as  the  first  step 
of  the  arc  A  Z  £  B,  Fig.  18,  the  angle  with  the  horizontal  being 
determined  by  curve  B  of  Fig.  17.  Next,  the  voltage  between 
this  first  point  and  a  second  was  obtained  in  the  same  manner 
and  a  new  portion  of  arc  drawn  in.     (It  will  be  noted  that 
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Curve  B — Anala  by  which 


the  individual  sections  of  arc  are  actually  drawn  as  chords). 
This  process  was  continued  for  the  entire  line  between  con- 
ductors A  and  B. 

The  vector  represented  by  any  of  the  lines  drawn  from  A 
and  terminating  on  the  arc  A  Z  BBis  the  difference  of  voltage 
between  conductor  A  and  some  definite  point  on  the  cent^ 
line  of  A  and  B,  but,  since  both  the  abscissa  and  ordinate  of 
the  point  on  the  arc  are  used  to  represent  potential,  it  is  not 
possible  to  show  on  that  curve  alone  the  location  of  the  point 
on  the  center  line  of  A  and  B.  Therefore,  the  line  A  B  is 
drawn  so  that  if  a  vertical  line  is  drawn  from  any  point  on  the 
arc  to  the  line  A  B,  the  intercept  between  A  X  and  A  B  repre- 
sents the  distance  from  the  conductor  A  to  the  point  the  po- 
tential of  which  is  represented  by  the  chord  drawn  from  A  to 
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the  said  point  on  the  arc.  Thus,  the  distance  B  X  represents 
the  distance  of  the  conductor  B  from  the  conductor  A,  the 
potential  of  B  being  represented  by  AB  B. 

Also  the  line  WY  is  equal  to  half  the  line  B  X,  and  thus  the 
chord  A  Z  represents  the  voltage  from  conductor  A  to  a  point 
jon  the  center  line  of  A  and  B,  and  halfway  between  them. 

The  line  A  0  represents  the  voltage  between  conductor  A 
and  center  of  cable,  or  ground.  Also,  the  voltage  to  ground 
of  any  other  point  is  represented  by  a  line  to  the  point  0,  thus 
B BO  represents  the  voltage  to  ground  of  the  conductor  B, 
as  determined  by  the  measurements  of  stress  given  in  Fig.  17. 


Fig.  18 — Vector  Diagram  Obtained  by  Summation  of  Stresses  along 

Line  Joining  Centers  of  Conductors 


The  value  obtained  from  the  mathematical  integration  of  the 
stress  along  the  line  joining  the  centers  of  conductors  A  and  B 
was  found  to  be  1.72  times  the  voltage  of  conductor  A  to  ground 
and  at  an  angle  of  almost  exactly  30  degrees  from  this  voltage, 
a  very  satisfactory  agreement  with  the  actual  values  of  1.73 
and  exactly  30  degrees. 

The  voltage  0  Z  is  found  either  from  this  diagram  or  by  the 
integration  of  the  stresses  along  the  line  joining  the  center 
of  the  cable  and  the  mid-point  of  the  line  joining  the  centers 
of  conductors  B  and  C.  The  values  obtained  by  these  two 
methods    are    0.325    and   0.355,   respectively,   in  terms   of 
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voltage  of  conductor  A  to  neutral,  and  at  an  angle  of  60 
degrees  from  that  voltage. 

The  voltage  from  conductor  A  to  the  point  midway  between 
conductors  A  and  B  on  the  line  joining  their  centers  is  the 
chord  A  Z,  and  is  equal  to  0.87  times  the  voltage  of  conductor 
A  to  neutral,  and  is  at  an  angle  of  18.6  degrees  from  this  voltage. 

Data  given  thus  far  have  applied  to  measurements  on  a  single 
"cable."  Similar  measurements  were  taken  of  stresses  with 
a  different  size  of  conductor.    A  sheath  15.2  in.  in  diameter 
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was  used  and  5.82  inch  conductors  were  so  placed  that  the  con- 
ductor and  belt  insulation  were  equal. 

Not  as  many  readings  were  taken  for  this  "cable,"  Enough 
were  taken  however  to  show  that  the  maximum  stress  occurred 
at  the  conductor  on  the  line  towards  the  center  of  cable  and  to 
determine  stresses  at  the  points  of  maximum  importance. 
Stresses  were  taken  all  along  the  lines  joining  the  center  of 
conductor  A  and  center  of  cable. 

In  Fig.  19,  curves  A  and  B,  respectively,  are  shown  the 
stresses  along  (parallel  to),  and  normal  to,  the  line  joining 
center  of  conductor  and  center  of  cable. 

Fig.  20  shows  the  stresses  on  the  shortest  line  between  J|^ 
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conductor  and  sheath.  The  maximum  of  this  curve  checks 
within  2.5  per  cent  the  value  calculated  from  Russell's  formula 
as  shown  in  Fig.  16. 

Use  of  Solid  Electrolyte 

In  the  Rttsburgh  experiments  of  1913  and  1914  use  was  made 
of  solid  as  well  as  liquid  electrolytes.  Cable  cross  sections  were 
prepared  of  solid  electrolytes  with  cast-in  exploring  electrodes 
in  which  the  specific  resistivity  of  the  electrolyte  occupjring 
the  filler  space  differed  from  that  of  the  electrolyte  representing 
the  conductor  and  belt  insulation.  The  extreme  limit  of 
range  of  resistivity  for  the  fillers  was  obtained  first,  by  using 
solid  insulators,  and  second,  by  making  the  fillers  of  copper. 

Also,  thermometers  were  cast  into  the  solid  electrolyte  so 
as  to  note  the  change  in  temperature  in  the  cross-section  due 
to  the  energy  loss.  One  of  the  solid  electrolytes  used  melted 
at  a  relatively  high  temperature  and  it  is  of  interest,  in  passing, 
to  note  that  after  three-phase  voltage  had  been  applied  for  a 
short  period  to  the  tank,  filled  with  such  solid  electrolyte, 
all  of  the  electrolyte  in  the  triangle  formed  by  the  straight  lines 
connecting  the  centers  of  the  conductors  became  molten,  thus 
giving  a  direct  analogy  to  the  over-heating  of  ordinary  3-core 
cable,  as  indicated  by  the  characteristic  charring  of  the  central 
filler  space,  when  going  to  destruction  by  overheating  under 
three-phase  voltages.  This  phenomenon  has  been  noted  by 
Mr.  C.  W.  Davis  as  early  as  1911. 

The  characteristic  charring  of  three-core  cable  was  observed 
by  Hochstadter  on  what  we  understand  was  mineral  base 
compound  about  the  same  time,  although  not  reported  to  us 
until  about  1913.  It  has  also  been  noted  on  vegetable  com- 
poimd  cable  by  Clark  and  Shanklin  and  by  Bang  and  Louis,  and 
reported  by  them  in  the  A.  I.  E.  E.  Trans.  1917,  p.  431  and  447 
and  for  some  time  engineers  of  operating  and  manufacturing 
companies  have  generally  recognized  this  condition. 

The  electrolyte  experiments  of  1913-1914  were  part  of  an 
investigation  into  the  causes  of  this  type  of  failure  of  three- 
core  cable.  Supplementing  those  experiments,  covering  the 
same  period  approximately,  a  comprehensive  set  of  dielectric 
loss  measurements  were  made  at  high  and  low  voltage, 
both  single-phase  and  three-phase,  on  mineral  compoimd  and 
vegetable  compound  three-core  cable.  As  a  result  of  these 
experiments,  the  opinion  was  reached  that  the  arrangement 
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of  conductors  and  insulation  in  any  ordinary  three-core  cable 
is  such  as  to  make  it  inherently  weak,  the  tendency  of  the  center 
to  overheat  being  increasingly  difficult  to  overcome  the  higher 
the  operating  voltage. 

From  the  user's  standpoint  especially,  however,  it  is  very 
desirable  to  retain,  insofar  as  possible,  the  advantages  and  econ- 
omy resulting  from  having  the  three  conductors  under  one  lead 
sheathing  rather  than  the  more  costly  alternative  method  of 
using  three  single-conductor  cables,  each  separately  lead  cov- 
ered, with  attendant  disadvantages  of  extra  cost  due  to  the 
increased  amount  of  lead  sheathing,  and  the  larger  ducts  or 
greater  number  required. 

M.  Hochstadter  (London  Electrician,  May  19,  1916)  has 
described  a  way  to  avoid  the  disadvantages  of  the  ordinary 
three-conductor  type  of  cable  by  converting  the  cable  into  what 
is  substantially  three  single-conductor  cables  without  the  at- 
tendant disadvantages  of  disproportionate  increase  in  cost.  The 
conductors  may  be  made  sector  shaped  so  that  all  the  space 
within  the  single  lead  sheathing  is  economically  used,  thus  secur- 
ing a  still  further  gain  in  economy,  since  it  is  obvious  that  three 
single-conductor  cables  separately  sheathed  could  not  conven- 
iently be  made  in  sector  form  and  installed  in  such  a  way  as 
would  permit  of  their  fitting  together  in  order  to  occupy  mini- 
mum duct  space.  The  thin  metal  foil  or  tape  suggested  by 
M.  Hochstadter  is  preferably  made  of  copper,  thus  securing 
the  most  effective  dissipation  of  heat. 

As  part  of  the  characteristic  charring  of  the  central  portion 
of  a  three-conductor  cable  of  normal  type  is  due  to  internal 
corona,  it  is  obviously  desirable  to  prevent  this  as  far  as  possible, 
and  what  appears  to  be  one  of  the  most  effective  methods  of 
preventing  the  occurrence  of  minute  air  or  gas  spaces  in  the 
highly  stressed  portions  of  cable  dielectric  is  the  suggestion 
of  H.  W.  Fisher  in  1911  to  apply  the  previously  dried  and 
impregnated  tape  to  the  conductor  while  the  conductor  itself 
is  submerged  imder  oil.  The  adoption  of  this  method  should 
make  internal  corona,  or  ionization,  of  relatively  little  import- 
ance even  at  the  highest  voltages  likely  to  be  reached  for  many 
years  to  come. 

Numerous  tests  were  also  made  with  the  electrodes  repre- 
senting the  conductors,  of  different  shapes.  Certain  advan- 
tages were  found  as  regards  distribution  of  stress  and  dielectric 
loss  with  a  conductor  of  approximately  semi-circular  form  with 
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slightly  rounded  corners,  and  with  the  approximately  flat  side 
toward  the  sheath.  It  is  conceivable  that  such  a  special  form 
would  be  available  in  special  cases  where  large  conductors 
are  involved,  but  on  account  of  the  constructional  difficulties 
and  larger  diameter  of  this  form,  a  modified  sector  conductor 
is  the  most  suitable  practical  alternative  for  regular  use. 

Referring  again  to  the  use  of  solid  electrolytes,  it  may  be 
of  interest  to  report  the  use  of  such  electrolyte  in  the  form  of 
pieces  simulating  simple  forms  of  solid  insulators,  such  as  those 
made  of  porcelain,  in  use  in  certain  types  of  cable  terminals. 
By  immersing  such  molded  solid  electrolyte  in  liquid  electro- 
lyte of  higher  resistivity  there  was  obtained  a  direct  represen- 
tation of  a  porcelain  insulator  surrounded  by  air,  and  we  were 
thus  enabled  to  plot  the  equi-potential  lines  from  the  point  where 
they  leave  the  surface  of  the  solid  electrolyte.  This  method 
may  be  of  interest  to  the  designers  of  porcelain  insulators, 
although  complicated  forms  may  prove  themselves  difficult 
to  cast  and  make  self  supporting  without  undue  deformation. 

Using  the  same  electrolyte  method,  and  following  the  analogy 
of  heat  flow,  isothermal  lines  for  various  shaped  conductors 
in  three-conductor  cables  were  plotted  in  the  Pittsburgh  ex- 
periments of  1913-1914.  These  show  that  under  the  PR  loss 
alone  the  center  of  a  three-conductor  cable  will  be  lower  in 
temperature  than  the  temperature  of  the  conductors  by  a 
small  relative  amount.  In  a  cable  using  three  sector  shaped 
conductors,  less  relative  difference  was  found  between  the 
temperature  of  the  center  of  the  cable  and  the  temx)erature 
of  the  conductors  than  where  round  conductors  were  used. 

Thornton  has  explored  the  field  of  a  three-conductor  cable 
by  means  of  the  Hele-Shaw  method.  He  suggested  the  exis- 
tence of  a  triple-frequency  field  at  the  center  of  the  cable. 
In  the  same  series  of  Pittsburgh  experiments  data  were  also 
secured  regarding  this  point,  and  also  later  in  measurements 
with  actual  cable,  at  Perth  Amboy.  All  of  the  measurements 
made  failed  to  show  any  such  effect  as  described  by  Thornton. 
It  is  to  be  expected,  however,  that  measurements  carried  on 
with  cable  at  voltages  above  the  ionization  point  would 
show  pronounced  harmonics  in  the  potential  wave  of  stresses 
at  different  points. 

Measurement  of  Stresses  in  Actual  Cable 

For  this  test  a  specially  constructed  cable  was  used.  This 
cable  was  in  nearly  every  way  like  a  commercial  three-con- 
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ductor  cable  with  round  conductors.  Its  main  differences 
were  that  at  definite  points  very  thin  wires  (No.  40  A.  W.  G.) 
were  laid  parallel  to  the  conductor,  and  that  the  cable  was 
assembled  without  "lay". 

The  cable  consisted  of  4/0  stranded  conductors  with 
9/32  in.  of  pax)er  insulation  on  each  conductor  and  5/32  in. 
on  the  belt.  The  separate  conductors  were  made  up  as  follows: 
Insulation  was  first  applied  to  a  thickness  of  1/32  in.  Eight 
No.  40  wires  were  then  placed  at  equal  intervals  around  the 
conductor,  and  parallel  to  its  axis.  The  same  was  done  after 
a  total  insulation  thickness  of  3/32  in.,  6/32  in.,  and  9/32 
in,  had  been  applied.  This  made  a  total  of  32  wires  per  conduc- 
tor, or  96  for  the  cable.  Immediately  over  each  set  of  eight 
wires  two  layers  of  paper  were  applied  by  hand.  The  rest 
of  the  insulation  was  applied  in  the  ordinary  manner  by  machin- 
ery. 

A  three-conductor  sector  cable  with  the  same  size  conduc- 
tors and  the  same  thickness  of  insulation  as  the  other  was  also 
constructed  in  exactly  the  same  manner.  The  number  of 
No.  40  wires  per  layer,  however,  instead  of  being  eight  were 
only  six, — one  at  each  comer  of  the  sector  and  one  half-way 
between  each  pair  of  comers.  The  total  number  of  wires 
for  each  conductor  were  then  24,  and  for  the  cable  72. 

The  small  wires  were  placed  where  they  were  so  as  to  furnish 
a  means  of  measuring  the  potentials  at  these  points.  Here- 
after, then,  they  will  be  termed  "potential  wires."  The  points 
at  which  the  potential  wires  were  placed  will  be  termed  "po- 
tential points. "  The  three  conductors  of  the  cable  will  be  desig- 
nated as  I,  II,  and  III.  The  four  layers  of  potential  wires  of 
each  conductor,  starting  at  the  layer  nearest  the  conductor, 
will  be  called,  respectively.  A,  B,  C,  and  D. 

Potential  data  were  obtained,  in  both  the  circular  and  the 
sector  cable,  on  all  four  rows.  Measurements  of  voltages  on 
A  and  B  were  taken  between  each  potential  wire  and  its  con- 
ductor, while  values  on  C  and  D  were  taken  between  potential 
wire  and  sheath.  Chiefly  because  data  on  B  and  C  would  give 
relatively  little  additional  information,  only  results  gotten  on 
A  and  D  are  given  in  this  paper. 

The  problem  of  measurement  of  the  voltage  of  the  potential 
wires  in  the  three-conductor  cable  with  three-phase  voltage 
applied  is  quite  similar  to  that  encountered  in  the  measurement 
of  potentials  and  stresses  in  the  electrolyte  tank.    As  before. 
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there  is  the  problem  of  measuiing  voltages  of  various  unknown 
phase  relations.  This  was  accomplished  in  a  manner  somewhat 
similar  to  the  one  previously  described.  The  current  which 
could  be  taken  without  field  distortion  was  much  smaller,  so 
small  that  only  a  null  method  seemed  available.  Also,  it  was 
desrable  to  keep  the  detecting  apparatus  at  ground  potential. 


S— thro 


Ti  and   Ti — tingle-phue  baliscins  tiftnifaiiDcii 
V— VoltmeWr  (or  Ti 
C  V— cnt  Toltmcter  for  Ti  and  Ti 
Ci  knd  Ct— condBnion  lued  with  C  V 
D — detecting  device 

R— 20  megahm  miiUnce  ihuating  K 
A  S— Ayrton  ihunt  (or  G 
G— d-c.  Bilvanometcf 

This  explanation  will  make  clearer  the  reasons  for  the  methods 
adopted. 

Fig.  21  shows  the  diagram  of  the  connections  used.  The 
current  supply  was  taken  from  a  40  kv-a.  three-phase  trans- 
former, the  primary  being  delta  connected.  The  secondary  is 
star  connected  and  gives  a  rated  voltage  of  96.  There  are  taps 
on  each  leg,  of  21  per  cent  and  42  per  cent  of  the  full  volta6e. 
The  delta  primary  of  the  three-phase  high-tension  transformer. 
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Ti,  was  connected  to  the  42  per  cent  taps,  and  as  the  normal 
rating  of  this  transformer  per  phase  is  440  to  25,000  volts,  this 
gave  a  voltage  per  phase  of  approximately  2300,  or  a  voltage 
between  conductors  of  about  4000.  This  voltage  was  impressed 
on  the  cable. 

The  balancing  voltages  were  obtained  from  two  single-phase 
transformers,  Ti  and  T,,  each  equipped  with  a  regulating  trans- 
former, thus  allowing  a  selectivity  of  voltage.  The  primary  of 
Ti  was  connected  to  the  21  per  cent  taps  of  the  two  phases  of 
the  supply  which  supplied  phase  A  of  transformer  Ti,  thus 
putting  T2  in  phase  with  phase  A.  The  primary  of  Tz  was 
connected  between  the  42  per  cent  tap  of  the  third  supply 
phase  and  neutral,  thus  making  the  voltage  of  T3  90  degrees 
away  from  that  of  Tj.  The  normal  rating  of  T2  is  440  to  62,500 
volts,  with  a  capacity  of  300  kv-a.  There  are  480  steps  in  the 
regulator,  so  that,  with  a  primary  voltage  of  about  20  volts 
there  are  six  volts  per  step.  The  normal  rating  of  Tz  is  440 
to  50,000  volts,  with  a  capacity  of  200  kv-a.  There  are  400 
steps  in  the  regulator,  so  that,  with  a  primary  voltage  of  about 
23  there  are  about  seven  volts  per  step.  The  secondaries  of 
T2  and  Tz  were  connected  in  series,  the  free  end  of  Tz  being 
connected  to  one  of  the  phases  or  to  the  neutral  of  Ti,  and  the 
free  end  of  T2  grounded.  Ti  is  not  grounded  at  any  point,  so 
that  the  potential  above  ground  of  the  phase  of  Ti,  or  of  the  neu- 
tral, to  which  the  large  transformers  T2  and  Tz  are  connected, 
is  governed  entirely  by  the  voltage  of  these.  This  arrangement 
enables  the  detecting  device  to  be  always  near  ground  potential. 

To  determine  the  potential  at  any  point  P2,  proceed  as 
follows:  Connect  the  potential  wire  at  P  to  the  detecting  device. 
Connect  the  conductors  of  the  cable  to  Ti  and  the  balancing 
transformers  to  either  the  conductor  of  P  or  to  the  sheath. 
Raise  the  voltage  of  T2  and  Tz  in  the  proper  direction  until  the 
detecting  device  shows  minimum  deflection,  which  indicates 
that  P  is  at  ground  potential.  The  voltage  produced  by  T2  and 
Tz  will  then  be  accurately  the  difference  of  potential,  in  direc- 
tion as  well  as  in  magnitude,  between  P  and  its  conductor  or 
sheath.  This  being  a  null  method,  the  stress  distribution, 
when  balance  is  obtained,  is  in  no  wise  altered  by  the  measuring 
apparatus. 

The  detecting  device  consisted  of  a  rectifier  for  which  a 
100,000-volt,  O.l-ampere  kenotron  was  used  in  connection 
with  a  galvanometer  equipped  with  an  Ayrton  shunt.     The 
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rectifier  was  shunted  by  a  water  resistance  of  the  order  of 
twenty  megohms.  The  rectified  current  is  necessarily  uni- 
directional, and  so  the  proper  balance  was  considered  obtained 
when  an  increase  or  decrease  in  voltage  on  either  T2  or  T3  in- 
creased the  deflection.  The  minimum  reading  of  the  gal- 
vanometer was  not  zero,  due  doubtless  mainly  to  the  thermo- 
electric (Seebeck)  effect  between  the  plate  and  filament  of 
the  kenotron,  but  this  did  not  alter  the  point  of  balance. 

Voltages  were  measured  as  follows:  The  voltage  of  Ti  was 
measured  by  a  voltmeter  connected  to  a  tertiary  coil  of  the 
transformer.  The  voltages  of  72,  and  of  the  combination  of 
T2  and  Ta,  were  measured  by  means  of  a  crest  voltmeter. 
By  separate  measurement  the  voltage  per  step  of  the  regulator 
of  Tz  was  found  to  be  quite  uniform,  and  its  value  determined. 
The  voltage  of  Ts  was  therefore  calculated  from  the  number  of 
steps  on  its  regulator.  Thus,  the  actual  potential  difference, 
as  well  as  its  two  components,  was  accurately  measured. 

Accuracy  Checks  on  Measurements  on  Actual  Cable 

To  determine  what  error,  if  any,  was  due  to  end  effect,  the 
connector  of  the  rectifier  was  brought  within  a  quarter  of  an 
inch  from  the  end  of  the  cable  and  the  full  voltage  applied  to 
the  cable  by  means  of  Ti,  T2  and  T^  being  at  their  zero  position. 
The  galvanometer  showed  a  deflection  which  would  be  c  used 
by  less  than  one  step  on  either  controller,  indicating  that  the 
maximum  error  is  less  than  2  per  cent  in  the  measurement 
of  the  smallest  voltage  read. 

The  sensitivity  of  the  detecting  device  was  such  that  after 
balance  was  obtained,  an  unbalance  of  one  step  (6  or  7  volts) 
on  either  transformer  would  definitely  increase  the  galvano- 
meter deflection. 

The  voltages  on  T2  and  Ts  should  be  at  right  angles  to  each 
other.  To  check  this  point,  both  transformers  were  raised  to 
the  same  potential  and  readings  taken  of  the  separate  voltages 
and  of  the  hypothenuse  voltage.  This  check  was  made  at 
several  different  values  with  the  reversing  switches  of  both 
transformers  in  the  up  position,  with  both  in  the  down  position, 
and  with  one  up  and  the  other  down. 

The  measured  and  calculated*  values  checked  exactly  in  some 
cases,  and  in  others  varied  by  as  much  as  3  per  cent.  This 
variation  probably  accounts  for  some  small  phase  angle  errors 
in  the  results. 
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A  single-conductor  cable  was  prepared  with  potential  wires 
in  the  same  manner  as  the  three-conductor  cables,  and  was  sup- 
plied with  voltage  from  phase  A  of  T,,  Ti  and  T»  were  used 
as  balancing  transformers,  and  the  potentials  determined  at 
various  distances  from  the  conductor.  In  the  ideal  case  Tt 
should  have  been  exactly  in  phase  with  phase  A,  and  so  the 
balance  point  should  have  been  with  zero  voltage  on  Tt.  How- 
ever, Tt  was  required  to  the  extent  of  changing  the  phase  of 
Tt  about  11^  degrees  on  all  the  measurements.  Correctioii 
was  made  for  this  error  in  plotting  the  curves. 

The  balancing  transformers  were  connected  successively  with 
the  three  phases  of  Ti,  the  balancing  transformers  being 
grounded  directly  and  T,  being  grounded  through  a  condenser 
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and  the  detecting  circuit.  The  voltages  were  then  balanced 
and  readings  taken  on  V  and  C  V.  These  readings  checked 
each  other  as  closely  as  the  instruments  could  be  read. 

After  the  three-phase  tests  were  performed,  the  cable  with 
drcular  conductors  was  dissected,  and  one  of  the  insulated 
conductors  wrapped  with  foil,  and  measurements  were  made 
with  single-phase  on  layer  A  of  potential  wires.  Calculation 
from  values  thus  gotten  indicated  these  potential  wires  to  be 
0,031  in.  away  from  the  conductor.  Micrometer  measurements 
indicated  this  distance  to  be  0.032  in.  The  dissection  also 
showed  that  the  potential  wires  were  quite  uniformly  spaced 
around  the  conductor,  but  that  they  were  not  absolutely  parallel 
with  its  axis,  the  rotation  in  the  entire  length  being  not  more 
than  half  the  distance  between  wires. 
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Dissection  of  the  sector  cable  showed  layer  D  of  potential 
wires  to  be  placed  quite  closely  to  their  proper  position,  but 
that  layer  A  was  altogether  misplaced.  The  actual  positions 
were  therefore  accurately  measured  and  used  in  Fig.  25. 
Micrometer  measurements  indicated  the  insulation  thickness 
between  the  conductor  and  the  first  layer  of  potential  wires  to 
be  0.325  in.  at  the  small  diameter  and  0.335  in.  on  the  long 
diameter. 

The  curves.  Pigs.  22  to  25  inclusive,  are,  as  far  as  possible, 
drawn  from  values  obtained  on  one  conductor  only.  The 
circles  indicating  the  points  for  this  conductor  have  been  filled 
in  solid.  On  all  curves  except  Fig.  22  points  also  have  been 
shown  which  were  gotten  on  the  other  conductors. 
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In  the  case  of  the  circular  conductor  cable,  the  relative  poa- 
tions  of  the  potential  points  were  found  by  dissection,  but  the 
exact  location  of  the  group  with  reference  to  a  fixed  line  of 
the  cable,  such  as  the  line  between  conductor  center  and  cable 
center,  was  found  from  preliminary  plotting  of  the  phase 
measurements.  It  was  known  that  the  zero  of  the  phase  curve 
must  occur  at  the  point  nearest  the  center  of  the  cable  and 
again  at  the  point  nearest  the  lead.  For  the  final  curve  the 
reference  point  of  scale  of  abscissas  was  so  taken  that  the  phase 
curve  would  pass  through  zero  on  the  said  line. 

In  the  case  of  the  sector  cable,  the  relative  positions  of  the 
potential  points  were,  as  in  the  other  case,  found  by  dissection. 
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However,  ranee  the  shape  of  the  cable  furnishes  a  reference 
point,  there  was  no  difficulty  in  determining  the  reference  point 
of  the  scale  of  abscissas  from  the  measurements  of  the  dissected 
cable.    The  zero  of  the  phase  curve  is  here  seen  to  pass  zero 
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on  the  line  of  centers  of  conductor  and  cable,  as  was  assumed 
in  the  case  of  the  round  conductor. 

Curves  were  drawn  of  phase  and  of  potential  on  layers  A 
and  D  of  both  the  circular  conductor  (Figs.  22  and  23)  and 
sector  (Figs.  24  and  25)  cables.    The  ordinates  of  the  phase 
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curves  are  in  electrical  degrees,  positive  and  negative;  poative 
representing  out  of  phase  in  one  direction  and  negative  in  the 
other,  as  in  similar  curves  from  the  tank  experiments.  The 
ordinates  of  the  potential  curves  are  in  per  cent  of  the  voltage 
between  conductor  and  sheath.    The  abscissas  of  the  curves  on 
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the  circular-conductor  cable  are  in  circular  degrees,  starting 
with  0  degrees  at  a  point  nearest  the  sheath,  thus  making  the 
point  nearest  the  center  of  the  cable  180  degrees.  In  the  case 
of  the  sector  cable  the  zero  is  also  taken  at  the  point  nearest 
the  sheath,  but  the  abscissas  are  in  per  cent  of  the  perimeter 
at  the  layer  of  potential  wires  concerned.  These  curves  should 
be  symmetrical  about  their  middle  "point,  and  any  slight 
discrepancy  may  be  attributed  to  non-symmetry  of  the  three 
phases. 

Effect  of  Stranding  Upon  Stress 

The  data  here  recorded  on  the  effect  of  stranding  on  voltage 
gradient  are  not  extensive  but  supplement  previous  data. 
Tests  were  made  on  a  seven-strand  and  a  nineteen-strand  con- 
ductor, that  is  one  containing  six  wires  and  one  containing 
twelve  wires  in  the  outer  row.  The  ratio  of  the  stress  in  the 
case  of  the  stranded  conductor  to  that  with  a  round  conductor 
of  the  same  area  of  section  and  with  the  diameter  of  the  sheath 
the  same  in  each  case,  is  given  to  compare  with  the  value  de- 
termined mathematically  by  Jona.  The  value  1.23  found  for 
seven-strand  conductor  checks  exactly  with  the  value  given  by 
Jona.  We  find  the  same  value  for  the  19-strand,  though  Jona 
states  the  value  will  be  larger,  but  he  does  not  solve  his  equation 
for  this  case. 

TABLE  III 
SHOWING  EFFECT  OF  STRANDING  UPON  VOLTAGE  GRADIENT 


No.  of  Strands 

Insulation  thickness 

Ratio   of   stress   with   stranded   con- 

of conductor 

conductor  diameter 

ductor  to  that  with  round    conductor 

A 

B 

7 

1.47 

1.23 

1.26 

7 

0.60 

1.23 

1.18 

19 

1.07 

1.21 

1.22 

19 

0.71 

1.22 

1.20 

A.  Same  outside  diameter  over  insulation,  area  round  solid  equal  to  total  area  of  strands. 

B.  Same  outside  diameter  over  insulation,  same  diameter  of  solid  and  stranded  conduc- 
tor. 


The  most  generally  useful  basis  of  comparison  is  the  ratio 
of  the  stress  of  the  stranded  conductor  to  that  of  a  round  con- 
ductor of  the  same  outside  diameter  and  with  the  same  insula- 
tion thickness.  These  values  are  given  in  the  last  column  of 
the  table.    Little  difference  between  the  two  styles  of  a  strand- 
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ing  is  apparent,  though  the  data  are  not  on  exactly  the  same 
basis.  On  ordinary  thicknesses  of  insulation  the  increase  of 
stress  due  to  stranding  is  roughly  20  per  cent.  For  very  thick 
insulation  relative  to  conductor  diameter,  the  increase  is  greater, 
and  for  thin  insulation  the  increase  is  less. 

Whitehead  has  shown  that  the  effect  of  twisting  the  strands, 
as  is  actually  done  in  cable  practise,  is  to  decrease  the  effect  of 
stranding  upon  the  gradient.  Though  his  tests  were  with 
insulation  thicknesses  very  great  as  compared  to  cable  insula- 
tions, doubtless  there  is  an  important  effect  of  this  kind  for 
thinner  insulation.  The  data  here  given  are  upon  untwisted 
strands,  and  should  be  supplemented  by  determination  of  the 
effect  of  twisting.  Data  here  given  are  for  single-conductor 
cables  in  a  single-phase  field. 

Practical  Application  of  Data 

A  brief  outline  of  the  manner  in  which  the  accompanying 
data  may  be  applied  to  important  problems  is  given. 

The  application  of  the  resistance  in  electrol)rte  tank  measure- 
ments has  been  indicated  in  the  data  given  in  connection  with 
Fig.  2.  This  curve  has  been  in  use  for  some  time  in  our 
laboratory  and  serves  admirably  to  link  together  measurements 
of  capacity,  energy  loss,  etc.  on  different  sizes,  three-conductor 
cable  as  well  as  single-conductor  cable.  An  interesting  and 
important  fact  has  been  learned  by  the  comparison  thus  allowed 
between  the  permittivity  of  the  dielectric  of  three-conductor 
and  single-conductor  cable.  It  has  been  found  that  there  is  a 
definite  difference,  greater  than  the  possible  error  of  the  curves, 
in  the  direction  of  lower  permittivity  for  the  dielectric  of  the 
three-conductor  form.  This  is  attributed  to  a  low  permittivity 
of  the  filler  material  in  actual  three-core  cable  as  compared 
with  the  uniform  permittivity  of  the  dielectric  occupying  the 
filler  spaces  in  the  tank  of  electrol)rte,  as  we  know  that  the  filler 
of  an  actual  cable  may  have  lower  permittivity  than  the  paper 
on  the  conductor,  under  certain  conditions.  A  more  compre- 
hensive investigation  of  this  has  been  begun.  The  bearing 
of  this  upon  the  stresses  in  the  cable  is  apparent  and  will  be 
discussed  further. 

The  application  of  these  data  to  temperature  rise  measure- 
ments of  three-conductor  cable  is  similar  and  of  corresponding 
convenience  and  value. 

A  table  is  given  comparing  the  stresses  of  a  three-conductor 
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cable  under  three-phase  voltage  with  the  stresses  of  single-con- 
ductor cables  of  certain  specified  insulation  thicknesses.  Tests 
are  reported  on  two  sizes,  one  with  relatively  thin  and  one  with 
relatively  thick  insulation.  It  will  be  observed  that  the 
maximum  stress  next  the  conductor,  toward  the  cable  center, 
is  so  close  to  that  in  a  single-conductor  cable  having  the  same 
insulation  thickness  as  the  distance  between  conductor  and 
center  of  cable,  that  quite  accurate  calculation  of  the  maxi- 
mum stress  of  any  three-conductor  cable  may  be  made  readily 
from  these  data. 


TABLE  IV.— STRESSES  AT  IMPORTANT  POINTS  IN  SECTION 


Max.  stress  at  conductor  surface  on 
line  toward  center  of  cable 

Stress  at  center  of  cable 

Stress  at  mid  point  between  conductors 
on  center  line  of  conductors  in  direction  of 
center  line 

Stress  at  edge  of  conductor  insulation 
on  center  line  of  conductor  and  center  of 
cable 

Ditto  but  normal  to  the  center  line . . .    . 


{ 


0.625 
0.288 

0.625 
0.288 

0.625 
0.288 


0.625 
0.288 


0.625 
0.288 


1.71 
1.43 

0.65 
0.685 

0.92 
1.18 


0.77 
0.83 


0.51 
0.52 


B 


01 
04 


0.385 
0.496 

0.545 
0.855 


0.455 
0.602 


0.302 
0.277 


2.65 

1.88 

1.01 
0.902 

1.42 
1.55 


1.19 
1.09 


0.790 
0.685 


A.  Stresses  in  terms  of  average  stress  between  conductor  and  center  of  cable  along  line 
joining  these  points. 

B.  Stresses  in  terms  of  maximum  stress  of  single-conductor  cable  having  the  same  in- 
sulation as  the  distance  between  the  conductor  and  center  of  three-conductor  cable. 

\^   This  distance^is_cqual  to  1.154  times  the  conductor  insulation  plus  0.077  times  the  con- 
ductor diameter. 

C     Stress  in  terms  of  minimum  stress  of  single  conductor  having  same  insulation  as  B. 

r.     Ratio  of  conductor  insulation  to  conductor  diameter. 

Data  have  been  given  showing  the  agreement  between  values 
determined  from  Russell  and  those  measured,  for  maximum 
stress  between  conductor  and  sheath.  A  curve  (Fig.  16)  con- 
stituting a  solution  of  Russell's  formula  is  given. 

Stresses  at  and  near  the  center  of  the  cable  and  at  various 
points  on  the  surface  of  the  conductor  insulation  are  seen  to 
bear  a  fairly  definite  relation  to  the  stress  at  the  sheath  of  the 
same  single-conductor  cable.  At  the  center,  the  stress  is  quite 
closely  the  same  as  that  at  the  sheath  of  the  single-conductor 
cable,  though  the  stress  at  the  other  points  is  considerably 
greater. 
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When  the  stresses  of  the  three-conductor  cable  are  compared 
with  those  of  a  single-conductor  cable,  it  should  be  remembered 
that  in  many  parts  of  the  three-conductor  cable  there  is  not  a 
simple  alternating  field,  but  it  may  be  considered  to  consist  of 
two  alternating  fields  superimposed  at  right  angles  and  produc- 
ing a  rotating  electric  field  somewhat  analogous  to  the  rotating 
magnetic  field  of  an  induction  motor.* 

We  have  also  summarized  in  Table  V  the  data  on  the 
actual  three-coiiductor  cable  so  that  they  may  be  compared 
with  those  given  in  Table  IV,  as  the  result  of  the  measure- 
ments with  the  conducting  liquid. 

TABLE  V 
MEASURED  STRESSES  AT  IMPORTANT  POINTS  IN  ACTUAL  CABLE 
The  data  here  given  are  for  the  circular  conductor  cable  for  which  curves  have  been 
shown.     For  this  cable  r  ■■  0.532. 


AA 

A 

B 

Stress  at  conductor  on  line  joining 

f     From    \ 

center  of  conductor  and  center  of  cable. 

\      data     / 

.87 

1.70 

1.05 

r    From     ] 

Stress  at  conductor  on  shortest  line 

DaU 

.75 

1.46 

.90 

between  conductor  and  sheath 

r^rom 
RusseU's 

Formula  ^ 

.70 

■  •  •  • 

.84 

- 

A ,  B  and  r — same  as  table  above. 

A  A.  Stress  in  terms  of  maximum  stress  of  single-conductor  cable  with  insulation  thick- 
ness equal  to  conductor  insulation  of  the  3-conductor  cable. 

NoTB.  Data  shown  in  column  A  A  were  obtained  by  comparing  the  three-phase  stresses 
with  stresses  obtained  by  actual  single-phase  measurements  on  one  of  the  conductors  of 
the  three-phase  cable  after  it  had  been  dismantled.  Data  shown  in  columns  A  and  B  were 
derived  from  the  values  in  column  A  A. 


It  will  be  seen  that  the  stresses  next  the  conductor  are  some- 
what greater  than  those  determined  by  the  previous  method. 
We  are  not  able  to  state  with  certainty  the  reason  for  the  differ- 
ence, though  we  believe  it  too  great  to  be  accounted  for  by  inac- 
curacy of  measurements.  If  the  permittivity  of  the  filler 
material  were  higher  rather  than  lower  than  that  of  the  main 
insulation,  it  would  result  in  giving  such  a  result.  As  stated 
previously,  it  would  be  expected  that  this  effect  would  be  in 
the  opposite  direction,  since  for  the  low  voltage  at  which 
measurements  were  made  the  filler  was  that  thought  to  have 

*For  instruotions  as  to  the  use  of  Table  IV  in  connection  with  Fig.  16 
for  obtaining  stresses  at  different  points  in  the  section  of  a  3-conduotor 
cable,  see  Appendix  B. 
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a  low  permittivity.  It  is  possible  that  the  presence  of  the 
potential  wires,  due  to  the  fact  that  they  were  not  exactly 
parallel  to  the  axis  of  the  cable,  distorted  the  field  sufficiently 
to  cause  the  increase  of  stress  above  the  value  found  by  the 
other  method. 

It  is  important  to  consider  the  data  on  stresses  in  connection 
with  the  paper  given  before  this  Institute  in  February,  1919, 
by  Shanklin  and  Matson.  They  conclude  that  the  maximum 
allowable  operating  pressure  for  a  given  cable  occurs  at  a  certain 
gradient  that  is  very  definite  for  a  given  insulating  material. 
If  we  accept  this  conclusion,  we  have  at  once  from  the  data 
presented  herewith  a  basis  for  the  relative  rating  of  cables  with 
different  sizes  of  conductor  and  different  thicknesses  of  insula- 
tion. However,  the  application  of  the  data  by  one  of  the  same 
authors  indicates  that  important  modification  of  the  said  conclu- 
sion must  be  made.  In  the  1917  paper,  a  cable.  No.  1/0  with 
9/32  in.  insulation  on  the  conductors  and  7/32-in.  insulation 
on  the  belt,  is  mentioned  as  having  operated  successfully  at  24 
kv.  for  some  years.  The  maximum  voltage  gradient  in  this  cable 
is  more  than  27  kv.  per  cm. — much  in  excess  of  22  kv.,  which 
they  conclude  in  the  1919  paper  to  be  the  limit  for  that  class 
of  material,  as  based  on  experiments  on  cable  presumably  of 
much  more  recent  manufacture,  and  therefore  not  of  poorer 
construction.  Of  course,  also,  there  are  many  other  cables 
operating  successfully  at  gradients  much  in  excess  of  22  kv. 
per  cm. 

In  bringing  out  this  point  in  connection  wth  the  paper  of 
Shanklin  and  Matson,  I  do  not  want  to  be  misunderstood,  as  I 
consider  their  paper  an  important  contribution  to  the  problem 
of  cable  insulation;  and  though  I  feel  that  the  theory  offered 
must  be  subjected  to  material  modification,  yet  it  may  be  part 
of  the  foundation  upon  which  may  grow  a  material  evolution 
in  the  cable  industry. 

While  considering  this  paper  by  Messrs.  Shanklin  and  Mat- 
son,  it  may  be  well  to  call  attention  to  the  possibility  that,  in 
some  cases,  the  ionization  which  they  found,  occurred  actually 
in  the  filler  spaces  rather  than  next  to  the  conductors.  It  is 
not  possible  to  give  specific  figures,  as  we  do  not  now  have 
sufficient  data  of  stresses  in  the  filler  space  with  single-phase 
voltage,  which  is  the  condition  under  which  their  measurements 
were  made. 
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Sector  Cable 

We  are  not  attempting  to  give  as  specific  data  on  sector  cable 
as  have  been  given  for  round.  Time  and  space  make  a  barrier, 
and  furthermore,  specific  data  will  have  less  general  application, 
for  the  terms  "sector"  and  "modified  sector"  as  applied  to 
cable  conductors  are  given  to  shapes  differing  quite  widely  in 
form  and  thus  in  characteristics,  and  presentation  of  complete 
data  on  even  one  specific  form  of  conductor  would  require  even 
more  space  than  for  round  conductors.  Some  approximate 
general  statements  will  however  be  of  value. 

To  determine  capacitance  of  cables  with  conductors  of  sector 
shape,  take  the  data  for  a  cable  with  the  same  insulation  thick- 
ness and  with  round  conductors  of  about  50  per  cent  (two 
sizes  A.  W.  G.)  greater  area  than  the  sector  conductor.  Actu- 
ally, for  different  insulation  thicknesses  relative  to  conductor 
sizes,  and  for  capacities  of  the  different  combinations  listed, 
there  is  much  range  in  the  ratio  of  areas  of  round  conductors 
and  sector  conductors  having  the  same  capacitance,  the  range 
of  this  ratio  being  from  about  1.2  to  2.0,  hence  the  rule  just 
given  is  not  more  than  a  first  approximation  though  it  will 
seldom  give  capacities  greatly  in  error. 

The  measurements  made  on  the  sample  of  actual  sector  cable 
indicate  that  the  maximum  stress  is  somewhat  lower  than  that 
for  the  corresponding  round  conductor  cable,  but  tests  in  the 
electrol)rte  tank  indicate  that  relatively  slight  change  of  shape 
can  influence  the  value  of  maximum  stress  sufficiently  to  vary 
it  from  lower  to  higher  than  for  round  conductor.  The  stress 
on  the  outer  surface  next  the  sheath  was  in  all  cases  much 
less  than  for  the  round  conductor. 

Attention  has  been  called  above  to  the  fact  that  these  data 
throw  much  light  on  the  inherent  weakness  of  the  ordinary 
form  of  three-conductor  cable.  The  stresses  in  the  filler  spaces 
and  tangential  to  the  layer  insulation  are  somewhat  less  than 
the  maximum,  which  occurs  at  the  conductor  surface.  However, 
because  of  the  weakness  of  the  filler  insulation  and  the  weakness 
of  the  conductor  insulation  for  tangential  stress,  these  stresses 
become  of  great  importance.  Other  stresses  in  the  filler  space 
are  very  large  as  compared  with  the  average  stress  throughout 
the  insulation,  and  large  even  as  compared  with  the  maximum 
values  at  the  conductor  surface.  Improvement  in  this  portion 
of  the  dielectric  has  not  in  the  past  kept  pace  with  improvement 
in  the  insulation  near  the  conductors  and  probably  can  still  not 
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do  SO  in  the  future.  Doubtless,  therefore,  stresses  in  this 
portion  of  the  cross  section  will  become  more  and  more  the 
limiting  condition  in  cables  of  the  usual  three-conductor  form. 
Furthermore,  it  must  be  borne  in  mind  that  the  stresses  given 
are  for  the  condition  of  dielectric  of  uniform  permittivity. 
The  stresses  in  the  filler  space  will  exceed  materially  the  values 
here  found,  where  the  permittivity  of  the  filler  material  is  lower 
than  that  of  the  remainder  of  the  insulation. 

These  experiments  were  carried  on  in  the  factory  of  the 
Company  with  which  the  author  is  associated,  and  the 
writer  wishes  to  express  appreciation  for  the  facilities  extended 
by  his  Company,  and  for  the  cooperation  of  various  individuals. 
Thanks  are  due  Mr.  C.  W.  Davis  and  Mr.  H.  W.  Fisher  for 
many  valuable  suggestions  and  comments,  to  Mr.  Donald 
Simons  in  connection  with  the  early  work  done  in  the  Rttsburgh 
Laboratory,  and  to  Mr.  A.  M.  Hagen  and  Mr.  L.  Meyerhoff 
for  their  faithful  and  valuable  assistance  in  the  performance  * 
of  experimental  work  and  in  the  preparation  of  this  paper. 

APPENDIX  A. 

To  obtain  the  charging  current  for  any  desired  connection 
of  a  three-conductor  cable  from  Fig.  2,  proceed  as  follows: 

On  the  lowest  set  of  curves  follow  the  horizontal  line  repre- 
senting the  value  of  total  (belt  plus  conductor)  insulation, 
until  the  curve  for  the  given  size  conductor  is  intersected. 
This  will  give  the  ratio  of  total  insulation  thickness  to  con- 
ductor diameter.  Now  calculate  the  ratio  of  belt  to  con- 
ductor insulation  for  the  given  cable.  From  the  point  of 
intersection  gotten  above  go  vertically  upwards  until  the 
horizontal  line  representing  the  calculated  ratio  of  belt  to 
conductor  insulation,  on  the  set  of  curves  for  the  particular 
type  of  charging  current  desired,  is  reached.  This  point  of 
.  intersection  gives  the  value  of  charging  current  sought  in 
terms  of  milliamperes  per  1000  ft.  at  60  cycles  and  a  permit- 
tivity of  3.27. 

For  example,  let  it  be  required  to  find  the  charging  current 
3  conductors  to  sheath  on  a  3-conductor  cable,  having  4/0 
conductors  with  10/32  in.  insulation  on  each  conductor  and 
4/32  in.  on  the  belt.  The  total  insulation  here  is  14/32 
in.  and  following  the  14/32  in.  line  on  the  lowest  set  of  curves 
we  find  that  it  intersects  the  4/0  curve  at  a  ratio  of  total  in- 
sulation thickness  to  conductor  diameter  of  0.83.    The  ratio 
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of  belt  to  conductor  insulation  is  0.4.  On  the  0.4  line  for  3 
conductors  to  sheath  we  find  that  an  abscissa  of  0.83  corre- 
sponds to  a  charging  current  of  34.3  miliamperes  per  1000 
ft.,  which  is  the  value  sought. 

APPENDIX  B 

The  values  given  in  Table  IV  puts  us  in  position  to  deter- 
mine stresses  at  various  points  in  tlie  cross-section  of  a  3-con- 
ductor  cable  when  operating  3-phase.  We  will  here  outline 
the  method  for  obtaining  the  stress  at  one  particular  point 
by  the  use  of  Table  IV  in  connection  with  Fig.  16,  but  prac- 
tically the  same  method  can  be  used  for  obtaining  stresses  at 
other  points  in  the  cable  section. 

The  particular  point  chosen  is  that  point  on  the  conductor 
surface  which  is  nearest  to  the  cable  center.  As  stated  in 
the  paper,  this  stress  is  approximately  equivalent  to  the  stress 
of  a  single-conductor  cable  having  the  same  conductor  diam- 
eter and  an  insulation  thickness  equal  to  the  distance  from 
the  conductor  surface  to  the  center  of  the  cable.  After  find- 
ing this  distance,  the  maximum  stress  at  the  surface  of  the 
conductor  for  this  equivalent  single-conductor  cable  may  be 
found  by  the  usual  formula,  or  more  conveniently  by  the 
middle  curve  of  Fig.  16.  As  shown,  however,  in  Column  B 
of  Table  IV,  this  value  is  not  absolutely  correct,  and  a  slight 
correction  must  be  made  depending  upon  the  ratio  of  con- 
ductor insulation  to  conductor  diameter,  as  shown  in  the 
above  table.  The  correction  for  values  of  the  ratio  between 
those  given  in  Table  IV  may  be  found  by  interpolation. 
Great  care  however  must  be  used  in  exterpolating  from  these 
values,  but,  as  very  few  commercial  cables  have  ratios  ex- 
cept between  these  limits,  the  question  will  ordinarily  not 
arise. 

To  illustrate  the  above  by  example,  let  us  consider  a  3-con- 
ductor  cable.  No.  1  A. W-G.  strand,  9/32  in.  X  7/32  in.  Putting 
sizes  into  decimals,  we  have  a  0.328  in.  diameter  conductor, 
with  insulation  0.281  in.  plus  0.219  in.  Obtain  the  equivalent 
single-phase  insulation  1.155  X  0.281  plus  0.078  X  0.328 
=  0.350.     The  ratio  of  equivalent  insulation  thickness  to  con- 

0  350 
ductor  diameter  is    ^'    o     =   1-07,   and   from   the   middle 
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curve  of  Fig.  16,  for  1.07  we  find  the  ratio  of  maximum  to 
average  stress  is  1.88.    The  average  stress  with  say  14  kv. 

14 
between  conductors  is    ^—  ^^  ^  r>i  v.  o  gn  =  9-08  kv.  per  cm. 

V3  X  2.54  X  3.50 

The  maximum  stress  is  therefore  1.88  X  9.08  =  17.01 
kv.  per  cm.  To  make  the  final  corrections  referred  to  above, 
divide  the  actual  conductor  insulation  by  the  conductor 

0  281 
diameter,  or  q  098    "  0-856.    This  is  a  higher  value  than 

either  of  the  values  given  in  the  top  of  column  B,  Table  IV. 
The  correction  is  less  than  1  per  cent  therefore  and  can  be 
neglected. 

To  find  the  maximum  stress  in  the  direction  of  the  sheath, 
for  a  three-conductor  cable,  either  under  three-phase  voltage, 
or  as  is  done  in  cable  testing,  under  single-phase  voltage,  the 
method  is  very  similar.  Find  the  average  voltage  stress  per 
cm.  of  the  insulation  between  the  conductor  and  the  sheath. 
Find  the  ratio  of  the  total  insulation  thickness  (i.e.  conduc- 
tor insulation  plus  belt  insulation)  to  conductor  diameter  and 
find  the  value  corresponding  to  this  ratio  in  the  bottom  curve 
of  Fig.  16.  Multiply  the  average  stress  by  this  figure  and 
maximum  stress  at  the  surface  of  the  conductor  is  obtained. 

As  illustration,  let  us  take  the  same  cable.  The  total  in- 
sulation is  0.281  in.  plus  0.219  in.  =  0.500.  The  average 
gradient  with  14,000  volts  three-phase  between  conductors 

14 
^^  0.500  X  2.54  X  V  3"   ^  ^'^^ 

=  1.52,  and  the  ordinate  corresponding  to  this  in  Fig. 


0.328 


16,  bottom  curve  is  2.02.  2.02  X  6.35  =  12.7  kv.  per  cm., 
which  is  the  maximum  stress  at  the  surface  of  the  conductor 
toward  the  sheath. 
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Discussion  on  "High-Tension  Single-Conductor  Cable 
FOR  Polyphase  Systems"  (Clark  and  Shanklin)  and 
'The  Dielectric  Field  in  an  Electric  Power 
Cable",  (Atkinson),  Lake  Placid,  N.  Y.,  June  27, 1919. 

H.  W.  Fisher :  The  paper  of  Messrs.  Clark  and  Shanklin 
takes  me  back  to  the  year  1907  or  1908  when  I  had  been  making 
some  experiments  to  determine  the  change  of  impedance  on 
single-conductor  lead-covered  cables  with  and  without  lead 
cover  short-circuited.  I  found  in  some  cases  the  impedance 
was  greater  with  the  lead  cover  short-circuited;  in  other  cases 
it  was  less.  I  discussed  this  matter  with  some  of  our  very 
prominent  engineers  at  the  time  and  they  said  my  experiments 
must  be  wrong  as  they  would  expect  the  impedance  to  decrease 
as  it  does  in  a  transformer  with  the  secondary  short-circuited. 

About  that  time,  I  spent  a  considerable  time  in  trying  to  J5nd 
a  competent  young  man  to  take  charge  of  the  Experimental 
Dept.  of  my  Company  and  I  selected  Mr.  R.  W.  Atkinson 
whom  I  asked  to  give  a  solution  of  the  above  mentioned  prob- 
lem. In  a  paper  which  I  read  at  Frontenac,  in  the  year  1909, 
I  presented  Mr.  Atkinson's  graphical  and  mathematical  solu- 
tion of  the  problem  with  which  the  solution,  in  the  paper  we 
are  discussing,  is  in  accord. 

Just  about  that  time  we  were  asked  to  quote  on  a  60-mile 
transmission  in  South  America  where  it  was  very  advisable  to 
install  cables  instead  of  aerial  lines  on  account  of  tropical 
conditions,  and  as  we  had  previously  been  making  experiments 
on  dielectric  loss,  commencing  about  the  year  1907,  we  were 
prepared  at  that  time  to  discuss  the  problem  fully. 

The  problem  was  as  follows: — Frequency,  25  cycles;  pro- 
posed transmission  voltage,  42,000;  power  factor  of  load,  80 
per  cent ;  system  operated  with  grounded  neutral ;  number  of 
circuits,  2  at  least,  and  line  loss  to  be  5  per  cent. 

Our  calculations  very  soon  showed  we  could  not  use  three- 
conductor  cables  for  the  service  and  therefore  we  had  to  figure 
on  single-conductor  cable.  We  considered  60,000-volt  and 
42,000  volt  transmission,  and  owing  to  the  very  much  higher 
cost  of  60,000-volt  cables,  we  found  that  42,000  volt-transmis- 
sion was  the  more  economical.  It  was  impossible  to  operate 
at  5  per  cent  loss  and  the  figured  loss  was  between  12  and  15 
per  cent  for  the  different  kinds  of  cable. 

The  recommendation  that  stresses  in  the  insulation  of  com- 
mercial high-voltage  paper  insulated  cables  made  under  present 
day  conditions  be  limited  to  so  low  a  value  as  19.5  kv.  per  cm. 
is  not  in  accordance  with  our  experience.  I  know 
of  a  number  of  cases  in  operation  where  the  stress  at  the  surface 
of  the  conductor  is  considerably  more  than  that,  and  I  do  not 
think  that  there  should  be  a  limit  in  the  stress  specified,  be- 
cause this  would  tend  to  curtail  development  in  the  art  by 
manufacturers  who  might  be  able  to  improve  their  products  so 
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as  to  furnish  cable  which  could  be  operated  at  a  considerably 
higher  stress  at  the  surface  of  the  conductor. 

C.  W.  Davis  (read  by  H.  W.  Fisher):  Hochstadter  in  his 
paper  of  1910,  published  in  the  E,  T.  Z.,  discusses  at  length 
the  merits  of  single-conductor  and  three-conductor  cables  and 
gives  a  large  amount  of  data  on  dielectric  loss  measurements 
up  to  40  kv.  or  50  kv.,  both  single-phase  and  three-phase  cur- 
rent. The  results  of  this  work  induced  German  engineers  to 
use  single-conductor  cables  on  the  Prussian  State  Railway 
as  described  by  Pfannkuch  in  E.  T.  Z.  of  1913. 

Klein's  careful  tests  on  single-conductor  cables  at  stresses  at 
surface  of  conductor  up  to  60  kv.  per  cm.  reported  in  E,  T.  Z. 
for  1913.  show  for  the  first  time  in  published  data,  so  far  as  we 
know,  the  effect  of  ionization,  although  the  significance  of  this 
was  not  apparently  known  to  Klein  at  the  time. 

In  1913,  from  the  tests  he  made  on  four  out  of  six  cables,  I 
found  that  ionization  or  internal  corona  began  at  from  25  k^. 
to  30  kv.  per  cm.  in  solid  insulation  or  about  75  kv.  to  90  kv. 
in  air  spaces.  At  that  time  (1913)  I  suggested  a  law  of  loss  for 
evenly  distributed  air  spaces  including  a  term  (based  on  the 
proof  of  Monash  in  1907)  varying  as  the  square  of  the  voltage 
and  representing  the  inherent  loss  in  the  solid  insulation  as 
well  as  another  term  based  on  Peek's  law  of  corona  for  the  loss 
in  the  air  spaces  at  voltages  above  the  start  of  ionization  or 
internal  corona. 

Win.  A.  Del  Mar:  Messrs.  Clark  and  Shanklin  assign 
much  importance  to  the  tangential  stresses  pointed  out  by 
.Hochstadter.  These  stresses  occur  in  a  three-conductor  cable 
because  at  any  instant  the  drop  of  potential  between  any 
conductor  and  the  outside  of  the  insulation  surrounding  it,  is 
xmequal  along  different  radii  from  the  center  of  the  conductor, 
due  to  the  different  voltages  between  that  conductor  and  the 
other  conductors  and  sheath.  This  variation  of  potential 
along  the  surface  of  the  insulation  of  the  conductor  gives  rise 
to  circumferential  leakage  currents  and  dielectric  losses.  All 
this  is  based  on  the  assumption  that  the  spaces  between  the 
insulated  conductors  are  filled  with  a  relatively  imperfect 
insulating  material,  such  as  impregnated  jute.  If  paper  fillers 
are  used  there  will  be  no  well  defined  surface  on  which  this 
phenomena  can  occur,  and  the  limitation  pointed  out  by 
Hochstadter  will  not  directly  apply. 

The  remarks  by  Messrs.  Clark  and  Shanklin  regarding  the 
impracticability  of  grading  cables  are  much  to  the  point.  It 
has  long  been  known  that  it  is  commercially  impracticable  to 
accurately  predetermine  the  specific  capacitance  of  varnished 
cambric  or  rubber  insulation. 

The  general  proposition  of  using  single-conductor  cables  in 
place  of  triplex  cables  offers  an  interesting  field  for  speculation. 
I  am  of  the  opinion,  however,  that  single-conductor  systems 
will  not  come  into  extensive  use  because  of  the  failure  of  triplex 
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cables  at  30,000  volts.     I  believe  that  future  development  will 
result  in  raising  the  voltage  limit  for  triplex  cables. 

Like  Mr.  Fisher,  I  am  rather  surprised  at  the  limiting  stresses 
which  the  authors  give  for  paper  insulated  cables  and  I  can't 
help  wondering  whether  a  fallacy  has  not  been  introduced  by 


Fia.  1. — Equipotential   Lines    and 


Electric  Stress   ; 


Round  Conductor  Cable 


basing  these  stresses  upon  the  results  of  tests  on  concentric  air 
films,  as  it  is  possible  that  air  bubbles  near  the  surface  of  the 
conductor  will  not  break  down  as  easily  as  flat  films. 

Referring  to  Mr.  Atkinson's  paper,  I  wish  to  state  that 
for  several  months  the  Research  Laboratory  of  the  company 


Fia.  2 — EquipotentialLi: 


Stress  IN  Sectob 


with  which  I  am  connected  has  been  carrying  out  a  series  of 
tests,  similar  to  those  recorded  by  the  author,  and  using  sub- 
stantially the  same  methods.  The  primary  purpose  of  the 
tests  recorded  in  this  discussion  was  to  determine  the  best 
form  of  sector  cable  from  the  point  of  view  of  reducing  di- 
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electric  stresses  and    dielectric  losses    to   a    minimum, 
increasing  the  heat  dissipation  to  a  maximum. 

Mr.  Atkinson  states  that  tests  in  the  electrolyte  tank  indicate 
that  relatively  slight  change  of  shape  of  sector  cable  can  influ- 
ence the  value  of  the  maximum  stress  sufficiently  to  vary  it 
from  lower  to  higher  than  for  round  conductors.    This  agrees 


Fig.  i 


-Lines 


with  our  observation,  and  we  therefore,  made  tests  on  various 
modified  sectors  for  the  purpose  of  ascertaining  the  best  form 
of  sector  cable  from  the  electrical  point  of  view.  A  close 
approximation  to  the  ideal  form  thus  found,  being  easy  to 


ScrrnR  CoNDn 


manufacture,    subsequent   tests   were   made    upon    conduc- 
tors of  this  form. 

Figs.  1  and  2  show  the  equipotential  lines  and  stress  lines  in 
three  conductor  round  and  sec);or  cables,  respectively,  and 
Piga.  3  and  4  show  the  stress  lines  without  the  equipotential 
lines.  It  will  be  noted  that  the  maximum  density  of  stress 
lines  is  about  15  per  cent  greater  in  the  round  than  in  the 
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sector  cable.  Furthermore,  the  stress  along  the  line  joining 
the  centers  of  round  conductors,  checks  Mr.  Atkinson's  curve 
A,  Fig.  17,  very  closely,  while  in  the  case  of  the  sector  cable,  the 
corresponding  curve  would  have  only  about  one-half  tiie  sag. 


Fki.  5— Lines  of  Heat  Flow  in  a  Thermally  Ideal  Bbctor  Cable 


Mr.  Atkinson  mentions  the  application  of  the  electrolyte 
method  for  the  determination  of  lines  of  heat  flow  in  cables. 
Fig.  5  shows  the  lines  of  heat  flow  for  a  thermally  ideal  sector 
cable.  Such  a  cable  is  electrically  impracticable,  due  to  the 
high  stresses  that  would  occur  at  the  sharp  points.     Fig.  6 


shows  corresponding  lines  for  a  round  conductor  cable  and  it  is 
interesting  to  note  the  much  greater  average  length  of  path 
that  the  heat  must  travel  in  flowing  from  conductor  to  sheath. 
Fig.  7  shows  the  heat  flow  from  a  sector  cable,  indicating  that 
an  electrically  good  sector  cable  is  intermediate  between  a 
thermally  ideal  sector  cable  and  a  round-conductor  cable.  The 
relative  heat  conductance  from  conductors  to  sheath  are  as 
follows: 
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ThermaUy  Ideal  Sector  Cable 100 

Electrically  Good  Sector  Cable HO 

Round-Conductor  Cable  (Stranded) 120 

Figs.  8  and  9,  are  similar  to  Figs.  6  and  7  except  that  iso- 
thermal lines  are  added.    It  should  be  noted  that  these  curves 


Fm.  7 — Lines  or  Hsat  Plow  ik  an  Electric&llt  Good  Sector  Cable 


apply  only  to  cables  wherein  the  dielectric  loss  is  negligible  and 
therefore,  do  not  represent  conditions  in  a  60-cycle  high- 
voltage  cable  at  normal  operating  temperature. 

The  method  of  test  differed  from  that  used  by  Mr.  Atkinson 
in  the  employment  of  300-cycle  current  in  conjunction  with  a 


telephone  receiver  and  resistance  bridge.  The  ratio  of  the 
britlge  resistance,  when  balance  is  obtained,  is  equal  to  the 
ratio  of  the  potential  drops  between  the  movable  contact 
needle  and  each  of  the  two  electrodes.  A  diagram  of  connec- 
tions is  shown  in  Rg.  10. 

The  tests  recorded  above  are  from  a  general  research  on 
dielectrics,  which  is  now  being  carried  out  under  my  direction 
by  my  associates,  Mr.  C.  F.  Hanson  and  Mr.  L.  Cockaday. 
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Mr.  Atkinson  states  that  the  dielectric  losses  in  a  cable  may 
be  taken  to  be  proportional  to  the  charging  current.  This  is 
practically  true  for  cables  having  conductors  of  similar  form. 
It  is  not  true  when  comparing  round  conductor  with  sector 
cables,  as  the  effect  of  increase  of  charging  current  in  the  latter 
may  be  neutralized  by  the  elimination  of  spots  wherein  dielec- 
tric stresses  are  excessive.  As  the  dielectric  loss,  at  any  point, 
is  proportional  to  the  square  of  the  dielectric  stress  at  that  point, 
it  is  obvious  that  making  the  stress  more  uniform  will  have  a 
marked  effect  in  decreasing  the  dielectric  loss. 
Detau^  of  Test 

1.  Electrolyte  =Hvdnint  wattr. 

2.  Depth  of  electrolyte  =  1.5  in,  (G  cm.). 

3.  Size  ot    taak  =36  in.    hy  42  in.  and  6  in.  .deep,  (91 H  em.  x  107  x 

15.2  cm).  Painted  whit«  with  lines  ruled  1  cm.  apart  on  the 
bottom.  Plate  elana  placed  on  bottom  for  insulation.  The 
numbers  on  the  OneB  could  be  read  clearly  through  the  electrolyte 
and^ass. 


^.:r^^^5?33^rj. 


Fio.  9 — Ibotbermal  Li  neb  j 


A  chart  ruled  to  be  a  duplicate  of  the  bottom  of   tanii  was  used 
in,  plotting  the  readings  taken  with  the  exploring  needle. 
Size  of  model  round  conductor  —  6.70  in.  (17  cm.)  diamet«r. 
Size  of  model  cable  ^  28.0  in.  (71  em,)  diameter. 
Exploring  needle  -^  0.4  mm.  platinum  wire  sealed  in  end  of  glass 
tube. 
Model  conductor  represents  a  350,000  i:ir.  mil  cable,  insulatiuD 
7x7    . 
'       32      ■"■ 

Bi  and  Ri  are  resistance  boxes,  Ri  and  Rt  =  10.000  ohms. 

R  and  2  A,  a  3220-ohm8  rheostat. 

K  R,  and  K  R,,  a  52-ohms  rheostat. 

The  observer's  stand  and  telephone  receiver  were  kept  at  the 
same  potential  by  varying  K  Ri  and  A'  R,.  This  balance  was 
obtained  by  disconnecting  telephone  from  exploring  needle  and 
connecting  it  on  to  the  slider  of  the  rheoitat  K  R,  -  Ri  which 
was  adjuBt«d  to  obtain  a  minimum  in  the  telephone  receiver. 
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This  prevented  current  from  passing  from  telephone  receiver 
thn)ugh  the  observer,  thereby  eliminating  anv  error  due  to  the 
high-frequency  current  producing  an  error  in  balancing  with  the 
exploring  neeale. 

12.  Balance  with  needle  point  was  obtained  with   300-cycle   current. 

Practical  silence  was  obtained  in  the  telephone  on  balance. 

13.  As  a  bridge  method  was  used,  readings  are  independent  of  varia- 

tions of  line  voltage. 

D.  W.  Roper :  Referring  to  the  paper  by  Messrs.  Clark  and 
Shanklin  in  which  they  suggest  the  use  of  a  sectional  sheath  on 
two-conductor  cables,  this  may  be  all  right  for  normal  operating 
conditions  but  I  think  it  would  be  a  little  awkward  for  some  of 


VVNWVW" 


R  I  fi« 


KR.  f «R. 


1         I 

IIOA-C 
Fig  10 — Bridge  Connections  fou  Finding  Equipotential  Lines 


the  abnormal  conditions  such  as  the  failure  of  the  cable.  In 
the  earlier  years  in  Chicago,  when  the  Fisk  St.  Station  had 
just  started  and  there  was  no  problem  regarding  electrolysis, 
the  lead  sheaths  connecting  the  transmission  lines  were  not 
bonded  together  and  it  was  discovered  that  when  we  had  a 
transmission  line  burnout  that  the  voltage  of  the  lead  sheath 
was  raised  to  such  an  extent  that  there  was  arcing  and  burning 
of  the  lead  sheath  wherever  there  was  actual  contact  with  the 
manhole  brackets  or  where  the  sheaths  were  in  contact. 

It  would  seem,  therefore,  very  probable  that  in  the  case  of  a 
burnout  of  one  section  of  a  single-conductor  cable  with  a 
sectional  lead  sheath,  that  this  portion  of  the  sheath,  in  spite 
of  the  fact  that  there  was  a  ground  connection,  would  be  raised 
to  such  a  point  as  to  cause  arcing  or  pitting  or  perhaps  the  jump- 
ing of  the  insulation  between  sections. 

The  paper  speaks  of  hot  spots,  apparently  referring  to  hot 
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spots  in  the  conduit  due  to  local*  heating  conditions,  but  slurs 
over  the  fact  that  there  are  also  hot  spots  in  the  cable  entirely 
independent  of  the  hot  spots  in  the  conduit.  In  other  words, 
although  a  cable  appears  to  be  of  quite  uniform  construction 
throughout,  as  a  matter  of  fact  the  construction  is  not  uniform 
— ^far  from  it!  So  that  the  dielectric  loss,  particularly  in  the 
resinous  compoimd  cables,  is  far  higher  at  some  points  than  at 
others,  so  when  you  approach  the  limiting  temperature  at  which 
the  cable  can  be  safely  operated  or  if  that  temperature  is 
exceeded,  then  breakdowns  in  the  cable  will  occur  due  to  the 
dielectric  loss  being  higher  in  some  points  of  the  cable  than  in 
others  although  the  surrounding  conditions  may  be  identical. 

That  might  be  thought  to  be  a  disadvantage  but  in  some 
respects  it  might  be  considered  a  safety  valve  because  experi- 
ence has  shown  that  when  breakdowns  occur  at  that  point  due 
to  overloading  of  the  cable,  that  the  damage  to  the  cable  is 
entirely  local  and  that  there  is  no  sign  of  charring  or  injuring 
in  any  way  of  the  paper  insulation  at  other  points  between  the 
point  of  breakdown  and  the  source  of  supply.  It  is  entirely 
possible  that  as  we  get  into  the  use  of  cables  with  lower  dielec- 
tric loss  that  this  question  of  the  local  hot  spots  may  not  be  so 
important  and  if  that  actually  results,  then  it  is  equivalent, 
you  might  say,  to  screwing  down  the  safety  valve  that  you  have 
with  the  present  compound  cables. 

The  question  of  heating  of  the  cables  and  the  limiting  of  the 
load  is  an  interesting  one  but  as  a  matter  of  fact  the  company 
with  whose  operation  I  am  familiar  has  never  yet  pulled  a 
switch  on  a  transmission  line  that  was  overloaded.  The  fact 
that  the  line  is  overloaded  is  an  indication  that  some  emergency 
has  arisen  so  that  it  is  more  important  than  ever  that  the  cable 
be  maintained  in  service  as  long  as  possible  and  it  is  their  uni- 
versal practise  on  such  occasions  not  to  pull  the  switch  but  to 
allow  the  load  to  be  carried  until  other  arrangements  can  be 
made  to  carry  the  load  or  until  the  cable  fails  and  the  switch 
thereon  opens  automatically. 

In  the  case  of  the  dielectric  loss,  I  think  the  shape  of  the 
curve  is  just  as  important  as  the  value  of  the  dielectric  loss  at 
some  particular  temperature.  The  thing  that  is  desired  is 
that  the  dielectric  loss  should  not  increase  at  or  near  the 
maximrum  loads  which  are  likely  to  be  carried  in  emergencies 
and  that  the  resulting  hot  spots  which  result,  will  not  cause 
breakdowns  at  too  low  loads. 

With  regard  to  the  statement  on  page  959,  I  think  that  is 
made  a  little  bit  too  rigid  where  it  says,  at  the  top  of  the  page, 
"Eddy  currents  in  stranded-cable  conductors  have  been  shown 
both  theoretically  and  by  actual  measurement  to  be  negli- 
gible." This  is  the  case,  I  believe,  for  ordinary  values  of  cur- 
rent but  under  exceptional  conditions  it  is  quite  possible  to 
get  kinetic  current  loss,  which  is  very  important  and  serious. 

We  recently  had  a  case  of  trouble  in  Chicago,  an  excess 
current  for  some  eighteen  minutes  on  a  stranded-cable  con- 
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ductor  which  made  up  a  reactance  coil  between  sections  of  the 
bus.  That  was  an  eight  hundred  thousand  circular  mils, 
stranded-cable  conductor,  barrel  woimd  in  three  layers.  After 
the  trouble  was  over  it  was  found  on  examination  that  the  top 
and  bottom  turns  of  the  reactance  coil  was  still  bright  but 
that  the  turns  in  the  middle  had  been  oxidized  by  the  heating 
and  there  were  places  four  inches  away  from  the  conductor  in 
the  middle  of  the  coil  where  the  varnish  on  the  wood  adjacent 
had  been  blistered  by  the  heat. 

Referring  to  the  diagrams  which  haye  been  passed  around 
by  Mr.  Del  Mar  showing  the  isothermal  lines  and  the  relative 
heat  conductivity  of  round  and  sector  cables,  it  would  be  very 
interesting  if  he  could  add  to  his  discussion  some  figures  which 
would  indicate  the  relative  carrying  capacity  of  round  and 
sector-shaped  conductors  of  the  same  size. 

Philip  Torchio:  I  am  very  glad  to  have  a  paper  like  the 
one  of  Mr.  Clark  and  Mr.  Shanklin  on  record,  especially  with 
the  further  comments  which  Mr.  Shanklin  has  made  that  88,000 
volts  operating  voltage  can  be  used.  However,  I  would  like  to 
say  a  few  words  on  the  plan  of  the  paper  to  prevent  confusion 
and,  perhaps,  misconstruction  of  the  intent  of  the  writers.  I 
beheve  that  the  writers  have  gone  a  little  too  far  in  showing  the 
advantages  of  the  single-conductor  cables. 

The  comparison  is  made  between  a  three-conductor  cable 
versus  the  single-conductor  cable,  using  three  three-conductor 
cables  compared  with  one  circuit  of  three  single-conductor 
cables.  Also  the  comparison  is  made,  I  believe,  for  three- 
conductor  cables,  round  conductor.  If  they  had  used  the 
sector  cable  they  would  have  had  a  smaller  diameter;  also,  as 
the  thermal  characteristics  of  the  sector  cable  would  be  better 
than  those  of  the  round  conductor  cable,  these  changes  would 
have,  to  a  large  extent,  modified  the  relative  values,  as  arrived 
at  in  the  paper,  of  the  saving  due  to  the  use  of  single  conductors. 

In  practical  application,  I  would  not  consider  the  installation 
having  three  independent  circuits,  each  consisting  of  a  three- 
conductor  cable  as  merely  equal  to  a  three-phase  circuit  consist- 
ing only  of  three  single-conductor  cables. 

I  think  in  the  first  layout  with  one  cable  out  you  still  have 
two-thirds,  with  two  cables  out  you  still  have  one-third,  but  in 
the  single-conductor  cables  if  you  lose  one  you  lose  the  whole 
circuit. 

The  object  in  making  these  remarks  is  not  in  any  way  to 
detract  from  the  value  and  the  essence  of  this  paper.  The 
paper  gives  a  limit  of  construction  for  three-phase  cables  of  30 
kv.,  which,  possibly,  if  the  sector  cable  had  been  considered, 
Mr.  Clark  and  Mr.  Shanklin  might  have  raised  to  40  kv.,  but 
anyway  we  are  limited  in  the  three-phase  cable  while  we  have 
a  much  wider  range  in  the  single-conductor  cable. 

That  is  the  essential  and  important  value  brought  out  by  the 
paper.  But  we  must  not  conclude  that  perhaps  we  can  accom- 
plish  similar   results   at   lower   voltages.    Although   single- 


1919]  DISCUSSION  AT  NEW  YORK  1027 

conductor  cables  are  used  for  the  lower  voltages,  as  we  have 
•been  using  them  quite  generally  in  this  'country  in  central 
station  work  for  wiring  up  generators  to  the  switchboard,  the 
single-conductor  leaded  cable  has  many  disadvantages.  If  you 
keep  the  lead  sheath  open-circuited,  high  voltages  are  caused 
on  the  sheath  and  if  you  ground  the  sheatii  then  you  have  large 
currents  flowing  in  the  lead  sheath. 

Another  point  is  that  when  you  use  low-voltage  cables  where 
the  currents  are  high,  in  case  of  short  circuits,  the  mechanical 
stresses  are  enormous.  As  a  matter  of  fact,  in  our  own  genera- 
ting stations  we  provide  frequent  supports,  say  four  feet  apart, 
throxighout  the  run  of  the  cable  unless  it  is  in  pipe. 

Difficulties  with  these  stresses  would  be  serious  in  manholes 
if  such  cables,  for  general  distribution,  were  not  properly  planned 
and  proi)erly  protected  against  these  stresses. 

H.  L.  Wallau :  I  have  a  few  figures  here  that  may  be  of 
interest.  They  refer  to  a  test  made  on  two  lengths  of  one 
million  cir.  mil  conductor,  61-strand,  low-tension  cable, 
separated  26  in.  (67  cm.)  center  to  center.  The  cables  were  in 
a  dry  subway  and  each  cable  was  1,140  feet  (347.4  m.)  long. 
The  far  ends  of  the  conductors  were  sweated  together,  the  near 
ends  of  the  sheaths  permanently  bonded,  and  the  far  ends  of 
the  sheaths  cross  connected  through  cables  with  bolted  lugs  so 
that  the  sheath  circuit  might  be  opened  or  closed. 

One  hundred  and  twenty  volt,  60-cycle  current  was  applied 
to  the  conductors.  The  current  in  the  conductor  was  650 
amperes.  With  the  sheath  circuit  closed  the  sheath  current 
was  225  amperes;  with  the  sheath  circuit  open  the  induced 
voltage  was  95  volts.  This  shows  that  the  induced  current  for 
distances  of  1,000  ft.  (304.8  m.)  between  bonds  is  apt  to  be 
material  and  add  quite  some  to  the  heat  generated  in  the  cable. 

In  fact  in  oiu*  own  station,  where  we  have  long  (500  ft.)  runs 
between  generator  terminals  and  switches,  the  use  of  leaded 
cable  was  found  to  be  objectionable  and  a  cambric,  non- 
leaded,  single-conductor  cable  used  instead. 

However,  we  did  look  into  the  question  of  grounding  the 
sheaths  of  leaded  cables  at  the  middle  of  the  run  and  inserting 
a  limiting  resistance  in  the  ground  connection,  to  prevent  an 
abnormal  flow  of  current  in  case  of  breakdown. 

Such  an  installation  was  found  would  be  satisfactory,  but  in 
the  particular  case  in  mind  the  resistance  required  would  have 
been  about  0.3  of  an  ohm  and  of  large  physical  dimensions. 
There  was  no  space  available  in  the  manholes,  for  a  resistance 
of  this  size,  so  the  plan  was  not  carried  out. 

R.  W.  Atkinson  :  The  paper  by  Messrs.  Clark  and  Shank- 
lin  contains  much  of  value,  as  is  to  be  expected  from  investi- 
gators of  their  standing.  It  is,  therefore,  with  some  hesitation 
that  I  venture  to  point  out  where  they  have  fallen  into  error  in 
making  some  assumptions  and  in  drawing  conclusions  from 
their  data  not  borne  out  by  careful  investigation.    Attention 
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is  drawn  also  to  the  importance  of  data  already  on  record  con- 
cerning matter  for  ^hich  formulas  are  developed. 

From  reference  to  Fig.  16  and  Fig.  19,  it  seems  that  dissipa- 
tion characteristics  of  duct  systems  have  been  given  and 
assumed  without  regard  either  to  the  number  or  kind  of  cables 
involved.  Fig.  16  is  given  as  showing  "representative  heating 
characteristics  in  conduit  lines."  For  example,  in  the  right 
hand  curve,  10  watts  per  foot  of  cable  is  considered  to  give  57 
deg.  cent,  rise  of  temperature  above  the  surrounding  soil 
temperature.  No  distinction  is  made,  as  to  the  size  or  con- 
struction of  the  cable  or  its  insulation,  and  no  allowance  is 
made  for  the  fact  that  much  higher  temperature  rises  are 
found  where  cables  are  grouped.  It  is  most  unfortunate  that 
data  should  appear  in  this  form  with  the  weight  of  the  authority 
of  these  authors. 

Furthermore  in  the  application  of  these  data,  as  given  in 
Fig.  19  in  the  comparison  of  single-conductor  and  three- 
conductor  cables,  conclusions  are  drawn  which  are  very  seri- 
ously in  error.  In  Fig.  19,  it  is  stated  that  a  final  temperature 
of  82  deg.  or  a  temperature  rise  of  57  deg.,  is  attained  with  a 
loss  per  foot  of  cable  of  10  watts,  with  either  of  the  two  described 
systems.  One  of  these  systems  consists  of  three  single-con- 
ductor cables,  the  other  consists  of  three  three-conductor  cables. 
In  order  to  determine  the  probable  error  of  the  assumption  that 
the  temperature  rise  of  the  two  would  be  the  same,  and  would 
be  that  assumed  by  the  authors,  calculation  was  made  from 
our  own  data,  as  to  the  probable  temperature  rise,  basing  these 
calculations  on  fairly  average  duct  conditions,  and  on  fairly 
representative  thermal  resistivity  of  the  insulating  materials. 
On  the  basis  of  the  relatively  small  amount  of  duct  rise  which 
there  would  be  with  only  one  cable  instead  of  three,  I  calculate 
that  the  rise  for  the  three-conductor  cable  would  be  53  deg.  and 
for  the  single-conductor  cable  79  deg.  With  a  greater  relative 
rise  of  duct  structure,  there  will  be  less  relative  difference 
between  the  three-conductor  and  the  single-conductor  cable, 
but  it  is  immediately  obvious  that  the  particular  single- 
conductor  cable  will  rise  to  a  very  much  higher  temperature  for 
the  same  amount  of  loss  per  unit  length,  than  will  the  three- 
conductor  cable.  Furthermore,  where  three  cables  of  either 
type  are  involved,  it  seems  that  the  estimate  of  temperature 
rise  for  even  the  three-conductor  cable  is  too  low.  Thus,  the 
rating  even  for  the  latter  is  too  high  and  that  for  the  single- 
conductor  cable  is  not  only  altogether  too  high,  but  is  out  of 
proportion  to  and  not  comparable  to  the  rating  given  for  the 
three-conductor  cable. 

In  the  last  paragraph,  beginning  on  page  951,  it  is  apparently 
assumed  by  the  authors  that  where  there  occurs  a  loss  in  the 
sheath  equal  to  28  per  cent  of  the  conductor  loss,  this  can  be 
fully  compensated  by  an  increase  of  conductor  area  of  28  per 
cent.  This  is  erroneous  as  it  will  actually  require  about  39 
per  cent  more  copper,  as  presently  will  be  explained.     This  is 
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of  comparatively  little  consequence,  but  on  page  953,  reference 
is  made  to  an  increase  in  copper  of  from  50  per  cent  to  100  per 
cent  for  two  certain  cables.  Apparently  these  are  the  two 
cables  on  page  943  where  about  50  per  cent  in  one  case  is  the 
increase  in  loss  and  about  100  per  cent  is  the  increase  in  loss  in 
the  other  case.  Now  if  there  is  50  per  cent  loss  in  the  sheath, 
that  loss  in  the  sheath  is  not  going  to  be  affected  by  changing 
the  size  of  the  conductors.  Thus  in  order  to  have  the  same 
total  loss  as  without  the  sheath  loss,  the  loss  in  the  conductor 
must  be  reduced  by  50  per  cent,  that  is  its  area  increased  by 
100  per  cent.  Where  the  sheath  loss  is  100  per  cent,  the  con- 
ductor loss  would  need  be  reduced  to  zero.  It  seems  therefore, 
that  large  sheath  losses  become  prohibitive  at  much  lower 
values  than  indicated  by  the  authors.  The  situation  is  not  * 
materially  different  for  very  small  sheath  losses,  than  is  indi- 
cated by  the  authors. 

In  their  sentence  at  the  top  of  page  937, 1  believe  the  authors 
have  underestimated  the  value  of  previous  work  that  has  been 
done,  in  determining  the  voltage  or  current,  or  loss  produced  in 
the  sheath  of  single-conductor  lead-covered  cables.  The 
formulas  of  Berg,  which  they  mention,  are  approximate  as 
said,  but  do  give  results  which  apply  fairly  well  within  the 
range  considered  in  the  paper  now  under  consideration. 

In  1909,  in  a  paper  presented  at  Frontenac  by  Mr.  Fisher, 
a  solution  appears  which  gives  results  in  agreement  with  the 
formulas  developed  by  the  present  authors,  within  a  fraction 
of  one  per  cent.  Of  the  two  formulas  which  are  necessary  for 
this  solution,  one  is  identical  with  the  corresponding  formula 
given  in  the  present  paper.  The  other  formula  is  very  much 
shorter  and  simpler  than  the  corresponding  formula  which  is 
now  given ;  in  fact,  it  is  as  simple  as  the  formula  of  Berg.  The 
simplicity  of  the  older  formula  is  due  to  the  fact  that  the  calcu- 
lation is  made  on  mean  instead  of  outside  diameter,  thus  elimi- 
nating all  that  part  of  formula  6,  page  962,  contained  in  the 
bracket  following  the  minus  sign.  With  this  omission  and 
the  substitution  of  mean  for  outside  diameter  formula  6 
becomes  identical  with  the  older  formula. 

Besides  the  approximation  mentioned  by  the  present  authors 
at  the  bottom  of  page  959,  another  approximation  was  used  in 
deriving  the  older  formula,  the  assumption  that  the  sheath 
could  be  considered  as  the  equivalent  of  a  thin  shell  of  the  same 
resistance  and  of  a  diameter  equal  to  the  mean  diameter  of  the 
actual  sheath.  This  latter  approximation  is  even  closer  than 
the  other.  On  the  whole  there  seems  no  warrant  for  using  the 
long  formula  on  page  962  instead  of  the  older  and  simpler  one. 

Solution  of  these  problems  of  voltage,  or  current  induced  in 
lead  sheaths  is  greatly  facilitated  by  a  set  of  curves  presented 
by  the  writer  in  the  discussion  of  a  paper  by  Mosman  presented 
before  the  Institute  in  1913. 

A  very  interesting  and  important  commercial  application  of 
single-conductor  cables  for  carrying  alternating  current  is  the 
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use  by  some  operating  companies,  of  two,  three,  or  four  such 
cables  in  a  single  duct  on  2200-volt  distribution.  Such  cables 
are  used  instead  of  multi-conductor  cables  on  account  of  the 
greater  facility  of  splicing  while  the  conductors  are  "alive". 
It  is  interesting  that  the  losses  with  any  size  of  conductor  usual 
for  this  construction  are  of  small  consequence  and  do  not  reduce 
the  carrying  capacity.  That  the  loss  is  small  is  due  to  the  very 
short  spacing.  Where  the  spacing  is  so  short,  neither  the 
formulas  given  by  Messrs.  Clark  and  Shanklin,  nor  the  older 
formulas  mentioned  above,  are  strictly  applicable.  They  do 
serve,  however,  to  show  that  the  losses  are  comparatively  sm^l, 
and  actual  measurement  of  these  losses  confirms  this. 

W.  A.  Del  Mar :  Referring  to  the  relative  canying  capacity 
of  round  and  sector  cables,  the  curves  of  heat  dissipation  which 
I  showed  this  morning  indicate  that  the  heat  resistance  from 
the  conductor  to  the  sheath  of  a  sector  cable  is  about  10  per 
cent  less  than  that  of  a  round-conductor  cable.  The  heat 
resistance  from  the  conductor  to  the  air  is  made  up  of  two 
important  parts,  that  from  the  conductor  to  the  sheath  and 
that  from  the  sheath  to  the  air. 

Mr.  Atkinson,  in  a  previous  paper,  has  shown  that  the  total 
heat  resistance  of  a  triplex  cable  is  divided  approximately  in 
the  proportion  of  two-thirds  from  conductor  to  sheath  and 
one-third  from  sheath  to  air.  Suppose  we  take  the  heat  resis- 
tance from  conductor  to  sheath  as  66  Vs*  and  from  that  from 
sheath  to  air  as  33)^,  a  total  of  100.  If  we  decrease  the  heat 
resistance  from  conductor  to  sheath  10  per  cent,  making  it  60, 
and  if  we  increase  the  heat  resistance  from  the  sheath  to  air,  by 
about  10  per  cent,  making  it  36  Vs,  which  would  correspond 
approximately  to  the  lesser  diameter  of  the  sector  cable,  the 
total  heat  resistance  would  be  reduced  to  about  96  2/ 3  per 
cent.  Now  the  current  causing  a  given  temperature  rise  is 
inversely  as  the  square  root  of  the  heat  resistance,  so  that  a 
simple  calculation  shows  that  a  sector  cable  of  the  type  des- 
cribed will  have  a  carrying  capacity  of  something  like  one  to 
two  per  cent  greater  than  that  of  a  roimd-conductor  cable. 
Substantially,  they  are  equal. 

E.  B,  Meyer:  The  paper  by  Messrs. Clark  and  Shanklin 
on  high-voltage  single-conductor  cables  for  polyphase  installa- 
tions is  a  step  in  the  right  direction  toward  solving  the  problem 
of  undergroimd  cable  construction,  where  the  transmission  of 
large  blocks  of  power  at  high  voltage  is  under  consideration. 

The  use  of  three-conductor  cable  as  pointed  out  by  the  au- 
thors seems  to  be  limited  to  about  30,000  volts  on  accoimt  of 
the  properties  of  the  insulating  material  and  the  unwieldy  size 
of  the  cable  itself. 

Three-conductor  cables  as  at  present  manufactured  are 
limited  in  capacity  to  about  12,000  kv-a.  and  if  the  operating 
voltage  is  to  be  increased  materially,  the  use  of  single-conductor 
cables  appears  to  be  the  readiest  solution  unless  some  radical 
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improvement  in  three-conductor  cable  construction  can  be 
effected. 

On  the  other  hand,  opinion  as  to  the  desirabihty  of  concen- 
trating heavy  loads  in  a  few  large  cables,  is  by  no  means 
unanimous  and  as  I  have  some  doubt  as  to  the  safety  of  such  a 
course,  I  would  be  glad  to  hear  some  discussion  on  this  point. 

The  question  with  which  most  central  station  companies  are 
interested  at  this  time  is  the  problem  of  reducing  failures  in 
undergroimd  cables,  as  with  the  increase  in  capacity  and  exten- 
sion of  electrical  systems,  disturbances  are  more  destructive, 
and  it  will  be  interesting  to  know  whether  by  the  use  of  single- 
conductor  cable  the  maintenance  cost  per  mile  of  circuit  will 
be  materially  reduced. 

I  question  whether  the  maintenance  cost  of  a  single-conductor 
installation  would  be  as  low  as  that  of  a  three-conductor 
installation. 

Probably  the  most  serious  objection  to  the  single-conductor 
installation  would  be  the  necessity  of  splitting  up  the  cable 
sheath  into  sections  and  installing  groimded  bonds.  This 
would  introduce  troublesome  complications  and  would  prob- 
ably add  materially  to  the  cost  of  cable  maintenance. 

I  am  heartily  in  sympathy  with  the  authors  comments 
regarding  the  methods  of  determining  the  maximum  safe 
loading  of  a  cable  system.  It  appears  that  the  strictly  logical 
way  to  arrive  at  the  proper  loading  of  any  cable  is  to  determine 
by  actual  temperatiu^e  survey  what  may  be  called  the  constants 
of  each  main  duct  line.  With  this  information  available  the 
rating  of  cables  based  on  maximum  allowable  operating  tem- 
peratures is  comparatively  simple. 

A  large  amoimt  of  data  is  gathered  each  year  by  operating 
companies  relating  to  temperature  rises  of  conduit  systems 
under  different  conditions  of  installation  and  it  would  be  of 
extreme  value  to  the  industry  as  a  whole  for  such  data  to  be 
made  generally  available.  It  is  only  in  this  way  that  the  rule- 
of-thumb  methods  of  rating  cables  can  be  discarded  for  a  more 
logical  method  based  on  an  accurate  knowledge  of  conditions. 

In  Mr.  Atkinson's  paper  on  the  dielectric  field  in  three- 
conductor  cables,  I  am  pleased  to  note  the  author's  statement 
that  the  maximum  stress  in  sector  cable  is  lower  than  for  a 
corresponding  round-conductor  cable,  the  stress  in  the  outer 
surface  next  to  the  sheath  being  in  all  cases  much  less  than  for 
round  conductor.  This  seems  to  offset  the  erroneous  theory 
which  has  been  advanced  by  a  number  of  engineers  that  sector 
cable  is  not  desirable  for  transmission  at  voltages  above  15,000. 

It  is  to  be  regretted  that  time  did  not  permit  the  author  to 
include  the  subject  of  dielectric  losses  in  three-phase  cables,  as 
this  subject  is  a  very  live  one  at  the  present  time.  It  is  known 
that  the  magnitude  of  these  losses  and  their  variation  with 
temperature  has  a  very  marked  effect  on  the  operating  charac- 
teristics of  the  life  of  a  cable.    This  subject  is  a  most  vital  one 
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and  is  receiving  considerable  attention  by  a  number  of  central 
station  engineers  and  while  it  appears  that  no  fixed  rules  can  be 
formulated  at  present,  it  is  desirable  that  this  subject  begiven 
careful  consideration. 

G.  B.  Shanklin:  Mr.  Del  Mar's  discussion  of  our  paper  is 
much  to  the  point.  I  am  in  full  accord  with  the  sentiment 
expressed  in  his  belief  that  future  development  will  result  in 
raising  the  voltage  limit  for  multi-conductor,  cable  possibly  as 
high  as  40,000  volts.  This  goal  may  ultimately  be  reached,  but 
it  is  a  development  that  must  be  approached  with  caution.  It 
is  one  of  those  developments  whose  factor  of  safety  cannot  be 
even  approximately  determined  until  it  is  actually  tried  out 
under  operating  conditions,  at  least  with  the  knowledge  we 
have  at  present. 

For  some  time  past  our  laboratory  has  been  investigating 
dielectric  losses  in  three-conductor  cable,  hoping  to  throw  some 
light  on  the  causes  of  the  excess  loss  and  deterioration  in  the 
central  triangle  of  the  cross  section,  a  factor  that  plays  a  big 
part  in  limiting  the  voltage  rating  of  this  type  of  cable.  Our 
work  has  consisted  mainly  of  comparing  actually  measured 
3  <t>  losses  with  those  calculated  from  measurements  with  1 0 
voltage.  These  measurements  were  made  on  cables  whose 
cross  section  were  at  uniform  temperature.  Now,  the  only 
difference  between  3  <!>  and  1  </>  stresses  occurs  in  the  central 
triangle  and  if  the  loss  in  this  section  was  an  appreciable  part 
of  the  total  then  it  would  be  expected  that  the  3  </>  readmgs 
would  give  higher  values  than  the  1  </>  calculations.  We  have 
tested  cable  from  the  very  best  grades  to  those  so  poor  in 
quality  that  they  could  hardly  be  classed  as  insulated  cable  but 
we  have  never  found  any  difference  between  the  measured  and 
calculated  3  </>  losses,  provided  the  temperature  conditions  were 
exactly  the  same. 

I  have  come  to  the  conclusion  that  the  generally  accepted 
view  of  an  inherent  excess  3  <!>  loss  in  this  central  triangle  is,  in 
the  sense  as  usually  interpreted,  not  strictly  true.  The 
deterioration  of  this  section  under  actual  operating  conditions 
is  foimd  only  infrequently  and  in  extremely  poor  grades  of 
cable.  This  leads  me  to  believe  that  it  is  primarily  caused  by 
an  accumulative  heating  action  that  renders  the  central  triangle 
much  hotter  than  the  rest  of  the  cross  section,  and  that  without 
this  accumulative  heating  action  there  is  no  more  deterioration 
in  the  central  triangle  than  in  the  rest  of  the  cross  section. 

With  the  cross  section  at  uniform  temperature  we  have  never 
found  any  indication  of  ionization  starting  in  the  central 
triangle  at  a  voltage  lower  than  that  required  to  start  it  at  the 
surface  of  the  conductors,  where  the  stress  is  greatest.  It  is 
probable  that  when  the  central  triangle  becomes  excessively 
hot  there  is  a  tendency  for  the  stresses  to  re-distribute  them- 
selves, and  in  doing  so  to  concentrate  at  certain  points,  causing, 
ionization  at  a  lower  voltage  than  otherwise.  This,  of  course 
would  cause  deterioration  but  it  should  be  classed  as  an  effect 
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of  the  accumulative  heating  mentioned  above  and  not  as  a 
cause. 

It  is  consideration  of  these  factors  that  encourages  me  to 
believe  that  higher  voltage  ratings  of  three-conductor  cable 
will  ultimately  be  reached.  The  main  requirement  will  be  the 
lowest  possible  dielectric  losses,  generally  throughout  the  cable 
cross  section,  but  particularly  in  the  central  triangle.  The 
fact  remains,  though,  that  we  are  rapidly  approaching  the  upper 
limit  of  voltage  rating  for  three-conductor  cable.  Whether  the 
final  goal  will  be  35,  40  or  even  45  kv.  we  must  if  we  wish  to  go 
beyond  this  goal  resort  to  single-conductor  cable. 

Messrs.  Fisher,  Del  Mar,  Atlans  on  and  several  other  gentlemen 
have  criticized  the  limiting  stress  of  19.5  kv.  per  cm.  recom- 
mended in  our  paper.  I  will  confess  full  responsibility  for  this 
reconunendation.  Mr.  Clark  has  always  been  skeptical  of  this 
limit  and  agreed  to  its  inclusion  in  the  paper  more  for  the  sake 
of  having  a  target  to  be  shot  at  than  anything  else.  He  thinks 
it  ultra-conservative  in  view  of  the  fact  that  three-conductor 
cables  have  in  some  cases  operated  satisfactorily  for  years  at 
maidmum  stresses  as  high  as  28  kv.  per  cm. 

Different  types  and  makes  of  cable,  like  all  other  apparatus, 
have  their  own  individual  merits  and  peculiarities.  It  was  a 
mistake,  perhaps,  to  select  an  arbitrary  value  of  maximum 
stress  and  I  feel  that  an  explanation  is  due.  In  the  first  place, 
it  was  not  proposed  for  general  application  and  I  think  it  was 
made  clear  in  the  Institute  paper,  "Ionization  of  Occluded 
Gases  in  High-Tension  Insulation,"  page  489,  that  it  repre- 
sented a  minimum  value. 

We  have  tested  many  types  of  cable  and  have  found  that 
their  limiting  safe  stress  as  far  as  ionization  is  concerned,  has 
varied  from  10  to  40  kv.  per  cm.  The  reasons  for  selecting 
19.5  kv.  per  cm.  (which  is  only  an  average  of  the  range  from  19 
to  20  kv.  per  cm.,  as  first  recommended)  were: 

a.  A  start  had  to  be  made  some  where.  It  is  difficult  to  form 
a  judgment  of  performance  without  some  criterion  or  basis  to 
estimate  from. 

b.  ^  far  as  we  could  judge  our  data  seemed  to  indicate 
19.5  kv.  per  cm.  as  a  fairly  good  dividing  line  between  accept- 
able and  unacceptable  grades  of  paper  cable,  that  a  cable 
showing  ionization  at  an  appreciably  lower  stress  than  this 
could  hardly  be  considered  as  satisfactory. 

c.  When  a  cable  is  highly  stressed  we  have  not  only  ioniza- 
tion to  consider  but  also  high  dielectric  losses  with  consequent 
reduction  in  safe  current  carrying  capacity  and  greater  possi- 
bility of  accumulative  heating  at  '*hot  spots."  This  is  the 
more  pronounced  the  higher  the  voltage  rating  and  certainly 
when  we  approach  40-kv.  ratings  we  must  pay  more  attention 
to  this  factor  than  we  have  in  the  past.  Quite  often  it  will  be 
found  more  economical  to  operate  a  high-tension  cable  at  a 
stress  of,  say,  19.5  kv.  per  cm.  than  at  28  kv.  per  cm.  because 
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of  the  greater  carrying  capacity  and  factor  of  safety.  When 
the  thickness  of  insulation  is  increased  the  question  of  heat 
dissipation  introduces  another  factor.  Obviously,  the  econom- 
ical balance  between  dielectric  and  copper  losses,  heat  dis- 
sipating ability  of  the  cable,  and  possibility  of  ionization  will 
be  governed  by  the  grade  of  insulation,  the  thermal  conditions 
of  the  duct  line  and  the  relative  costs  of  the  materials  used  in 
the  cable.    No  set  rules  can,  therefore,  be  applied. 

We  agree  with  Mr.  Roper  in  his  criticism  of  sectionalized 
sheathing  for  single-conductor  cable.  He  is  right  in  stating 
that  it  would,  '*be  a  little  awkward  for  some  of  the  abnormal 
transient  conditions,  such  as  failure  of  the  cable."  Throughout 
the  paper  we  have  tried  to  make  it  clear  that  short-circuited 
continuous  sheathing  is  much  superior  to  sectionalized  sheath- 
ing. 

It  is  quite  difficult  to  answer  the  many  points  in  Mr.  Atkin- 
son's discussion.  He  has  apparently  misintrepreted  and  taken 
issue  with  practically  every  thing  in  our  paper.  Some  of  his 
criticisms  are  really  helpful  and  add  to  the  paper  in  throwing 
light  on  a  very  difficult  problem.  I  will  attempt  to  answer  a 
few  of  the  main  issues. 

Fig.  16  is  given  as  showing  representative  heating  charac- 
teristics in  conduit  lines.  Mr.  Atkinson  does  not  think  Fig.  16 
is  representative  and  says:  "No  distinction  is  made  as  to  the 
size  or  construction  of  the  cable  or  its  insulation,  and  no 
allowance  is  made  for  the  fact  that  much  higher  temperature 
rises  are  found  where  cables  are  grouped."  We  purposely 
avoided,  for  the  sake  of  simplicity,  any  detailed  discussion  of 
the  theory  of  heating  in  duct  systems,  but  simply  assumed  the 
thermal  conditions  as  such  that  Fig.  16  held  for  our  particular 
problem.  Incidentally,  Fig.  16  is,  as  far  as  our  experience 
shows,  fairly  representative  of  the  heating  conditions  met  with 
in  the  average  duct  system.  I  believe  our  assumptions  would 
have  been  made  clearer  to  Mr.  Atkinson  if  we  had  represented 
the  temperature  in  Fig.  16  as  that  of  the  duct  air  and  then 
added  on  the  temperature  drop  through  the  cable  insulation 
but  that  would  have  involved  complications  that  would  have 
made  our  paper  uselessly  long. 

The  greater  part  of  Mr.  Atkinson's  discussion  is  a  detailed 
criticism  of  our  assumption  that  the  temperature  drop  through 
the  insulation  of  the  single-  and  three-conductor  cables  com- 
pared in  Fig.  19  is  approximately  the  same.  Now,  anyone  who 
studies  this  problem  carefully  can  see  that  it  is  impossible  to 
deal  with  it  theoretically  unless  certain  approximations  are 
accepted.  To  begin  with  it  must  be  assumed  that  the  cable 
cross  sections  ^re  at  uniform  temperature,  that  is,  the  copper 
and  lead  sheath  are  at  the  same  temperature.  Obviously,  this 
assumption  gives  approximately  correct  results  only  over  that 
range  of  heating  conditions  where  the  cable  takes  up  only  a 
small  part  of  the  total  temperature  drop.     In  water-cooled  or 


1919 J  DISCUSSION  AT  NEW  YORK  1035 

forced  air-cooled  duct  systems  or  with  buried  cable  it  would 
not,  of  course,  apply  very  well  but  in  the  ordinary  still-air  duct 
systems,  and  especially  at  "hot  spots"  where  poor  heat  con- 
ductivity of  the  soil  is  encountered,  it  applies  much  better. 

I  am  sure  that  our  assimiptions  have  not  led  to  any  such 
grave  errors  as  Mr.  Atkinson  s  discussion  would  seem  to  indi- 
cate. For  instance,  he  states  in  reference  to  Fig.  19  and  cables 
(a)  and  (c),  "assuming  a  loss  of  10  watts  per  duct  foot  for  each 
of  these  two  cables  and  fairly  average  duct  conditions,  I 
calculate  that  the  rise  for  the  three-conductor  cable  (a)  would 
be  53  deg.  cent,  and  for  the  single  conductor  cable  (c)  79  deg. 
cent. 

Now,  let  us  see  if  his  calculations  are  correct.  Instead  of 
assuming  "fairly  average  duct  conditions"  let  us  assimie  that 
the  total  temperature  drop  is  between  copper  and  lead  sheath, 
as  would  be  the  case  if  the  cables  were  immersed  in  water.  For 
the  same  heat  dissipation  the  temperature  drops  of  the  two 
cables  will  be  inversely  proportional  to  their  thermal  conduct- 
ances between  copi)er  and  sheath.  The  tihermal  conductances 
are  directly  proportional  to  the  electrostatic  capacities  so  we 
need  only  to  find  the  ratio  between  their  electrostatic  capacities. 
This  is  easily  obtained  from  Formula  6  (bearing  in  mind  that  the 
total  capacity  between  copper  and  sheath  is  3  d),  and  the 
ordinary  formula  for  concentric  cylinders.  The  ratio  foimd  in 
this  way  is; 

thermal  conductance  of  cable  (a) 


thermal  conductance  of  cable  (c) 


=  1.40 


In  other  words,  the  three-conductor  cable  has  40  per  cent 
better  heat  conductance.  With  the  cables  immersed  in  water 
and  dissipating  equal  quantities  of  heat  let  us  assimie  the  drop 
through  the  three-conductor  cable  as  58  deg.  cent.  The  drop 
through  the  single-conductor  cable  will  be,  58  X  1.4  =  74.2 
deg.  cent.  This  agrees  so  closely  with  Mr.  Atkinson's  value  of 
79  deg.  cent,  that  it  shows  the  fallacy  of  his  assumption  of 
"fairly  average  duct  conditions." 

Under  average  still-air  duct  conditions  the  drop  from  copper 
to  sheath  can  be  roughly  assumed  as  20  per  cent  of  the  total 
drop.  Then,  if  the  total  drop  of  cable  (a)  is  58  deg.  cent  the 
drop  between  copper  and  sheath  is  10.6  deg.  cent.  With  cable 
(c)  in  a  similar  duct  and  dissipating  an  equal  quantity  of  heat 
the  total  drop  will  be  57  deg.  cent,  and  the  drop  between  copper 
and  sheath  14.6  deg.  cent.  The  difference  is  only  4  deg.  cent, 
and  our  assumptions,  therefore,  hold  reasonably  well. 

Messrs.  Torchio  and  Meyer  both  express  the  same  thought 
in  a  different  way  in  their  comparison  of  the  merits  of  single- 
and  three-conductor  cable.  It  is  true  that  in  the  case  of  single- 
conductor  cables  the  failure  of  one  cable  throws  three  times  the 
carrying  capacity  out  of  commission  than  in  the  case  of  equival- 
ent three-conductor  cables.  It  is  partly  for  this  reason  that 
single-conductor  cable  shows  promise  of  the  greatest  usefulness 
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only  where  there  are  such  large  blocks  of  power  to  be  trans* 
mitted  that  the  temporary  loss  of  three  cables  instead  of  one 
will  not  prove  serious. 

R.  W.  Atkinson :  This  use  of  paper  filler  instead  of  jute  has 
been  mentioned.  This,  however,  can  only  partly  overcome  tihe 
weakness  of  that  portion  of  the  ordinary  three-conductor  cable 
which  is  occupied  by  such  filler.  This  is  because  paper  is 
better  than  jute  to  an  important  extent,  only  for  stresses  nor- 
mal or  nearly  normal  to  the  surface  of  the  paper.  Most  of  the 
paper  of  the  filler  will  be  subject  to  stresses  tangent  or  nearly 
tangent  to  its  surface,  and  thus  the  important  weakness  of  the 
jute  filler  is  also  shared  by  the  paper  filler. 

Mr.  Del  Mar  takes  exception  to  the  statement  concerning 
the  proportionality  between  charging  current  (volt-amperes) 
and  dielectric  loss.  It  is  worthy  of  special  comment  tiiat  this 
proportionality  exists  only  where  the  dielectrics  are  actually 
identical  in  properties.  There  may  exist  wide  variations  of  the 
dielectric  properties  though  the  same  grade  of  paper  is  satu- 
rated with  compound  oi  the  same  ingredients.  It  should 
further  be  noted  that  such  a  dielectric  as  paper  will  have 
different  properties  according  as  to  whether  the  stress  is  per- 
pendicular or  parallel  to  the  direction  of  the  layers. 

Also  if  the  stresses  in  any  specimen  are  beyond  the  range 
where  the  losses  vary  as  the  square  of  the  voltage,  then  as 
indicated  by  Mr.  Del  Mar,  that  specimen  cannot  be  compared 
directly  with  another  specimen  having  lower  stresses. 

Study  of  the  effect  of  these  factors  is  facilitated  by  the  data 
reported  in  the  paper  of  the  author.  That  is,  effects  of  change 
of  shape  and  dimensions  may  be  differentiated  from  effects  of 
differences  in  the  properties  of  the  material. 

Mr.  Roper  has  described  an  exceedingly  interesting  and 
important  viewpoint  concerning  emergency  overloading  of 
cables.  I  refer  to  the  fact  that  his  company  has  never  yet 
pulled  a  switch  on  a  line  because  of  overload.  His  arguments 
against  doing  that  particular  thing  are  very  forceful  and  it  may 
be  recognized  that  the  operating  engineers  have  a  real  problem 
to  solve  to  take  care  of  such  emergencies. 

I  wish  to  point  out  however  that  unless  some  provision  is 
made,  high-tension  cables,  as  compared  with  most  other 
electrical  apparatus,  are  made  to  occupy  an  extremely  hazard- 
ous position.  Thus,  a  generator  (or  the  turbine  which  runs  it) 
sets  for  itself  a  very  definite  limitation  of  load  which  cannot  be 
exceeded.  To  some  extent  most  other  apparatus  does  this  in 
one  way  or  another.  Thus  the  low-tension  cable  does  so  by 
voltage  drop;  or  its  short-time  overload  capacity  may  be 
greater  than  that  of  its  switches,  unless  these  are  very  liberally 
rated.  But  a  high-tension  cable  with  very  low  dielectric  losses 
will  have  no  limitation  short  of  destruction  of  the  cable.  Thus, 
if  the  policy  be  carried  to  the  limit,  we  have,  to  use  Mr.  Roper's 
simile,  a  case  of  firing  a  boiler  without  a  safety  valve  and  with 
no  regard  to  the  steam  gauge. 
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PROBLEMS  OF  220-KV.  POWER  TRANSMISSION 


BY  A.  E.  SILVER 


Abstract  of  Paper 


The  dependence  of  industrial  progress  upon  an  adequate 
supply  of  electrical  power,  together  with  the  vital  need  for  a 
rational  policy  of  conservation  of  the  country's  fuel  resources, 
points  to  a  probable  early  demand  for  transmission  of  large 
olooks  of  power  from  distant  energy  sources — coal  fields  and 
water  powers.  Two  hundred  and  twenty  kv.  is  suggested  as  a  log- 
ical voltage  for  such  high-capacity,  long-distance  transmission, 
and  the  important  problems  introduced  by  large  concentrations 
of  power,  hi^h  voltage  and  high  service  standards  are  discussed. 
The  economic  and  technical  considerations  underlying  design 
of  a  220-kv.  system  are  outlined,  and  general  designs  are  devel- 
oped for  a  typical  220-kv.  transmission  line. 

The  studies  made  establish  confidence  in  the  conclusion  that 
220-\sY.  transmission  is  feasible  as  an  immediate  commercial  prop- 
osition. Established  principles  of  design  and  present  types  of 
equipment,  with  proper  adaptation  to  the  new  conditions,  are 
appbcable  to  220-kv.  service.  While  all  essential  problems  seem 
assured  of  acceptable  solution,  attention  is  directed  to  certain 
points  as  to  which  further  investigation  and  experimental  re- 
search are  needed  to  determine  most  effective  designs. 

It  is  hoped  that  the  paper  may  in  some  measure  aid  in  the  work- 
ing out  of  this  advance  in  the  art  by  promoting  constructive 
discussion  and  stimulating  the  neeoed  investigations. 


Introductory 

ECONOMIC  development  of  the  country's  power  resources 
is  fundamental  to  the  industrial  progress  of  our  national 
life.  The  growing  recognition  by  our  economists,  engineers 
and  industrial  leaders,  and  even  by  the  public,  of  the  signifi- 
cance of  the  power  supply  problem  must  soon  result  in  an 
insistent  demand  upon  the  engineering  profession  for  large  and 
bold  strides  in  the  solution  of  the  attendant  engineering  j  rob- 
lems. 

The  vital  dependence  of  industrial  advancement  upon  an 
adequate  power  supply  has  been  strikingly  illustrated  in  our 
struggles  to  meet  the  industrial  demands  of  the  war  emergency. 
The  experiences  of  this  trying  period  have  resulted,  also  in  a 
quickened  understanding  of  the  need  for  conservation  of  our 
natural  power  resources.     The  labor  and  commodity  situation 
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accentuates  the  demand  for  greater  unit  productiveness, 
possible  only  through  greater  use  of  power  in  industrial  opera- 
tions, and  for  prompt  progress  toward  broadly  economical 
methods  of  power  supply.  A  major  step  toward  conservation 
of  fuel  resources  and  general  commercial  economy  is  recognized 
to  lie  in  gradual  substitution  of  electric  transmission  of  energy 
for  railroad  transportation  of  fuel  to  be  used  in  local  generation 
of  power.  Interconnection  of  electric  power  systems,  both 
prior  to  and  during  the  war,  has  demonstrated  the  marked 
benefits  obtainable  by  taking  advantage  of  diversity  of  loads 
and  other  attendant  economies  and  the  well  established  move- 
ment toward  general  and  extensive  interconnection  is  still 
gathering  headway.  The  relation  of  the  railroad  elect  ification 
problem  to  fuel  conservation  is  well  recognized  and  for  years 
has  been  consistently  expounded  by  able  engineers. 

These  influences  lead  directly  toward  large  scale  develop- 
ment, at  the  source,  of  our  natural  energy  reservoirs,  the  coal 
fields  and  the  potential  water  powers.  An  essential  feature  of 
such  development  will  be  the  transmission  electrically  of  great 
blocks  of  power,  over  increasingly  great  distances,  to  strategic 
centers  of  distribution  in  or  near  present  and  future  industrial 
districts.  This  trend  of  the  power  industry  has  long  been 
recognized,  and  important  steps  toward  its  realization  are  a 
certain  and  not  distant  eventuality.  Further  elaboration  of 
the  subject  is  unnecessary  to  the  purposes  of  this  paper. 

The  Field  for  220-kv.  Power  Transmission 

Visualization  of  the  demands  of  this  evolution  points  to  the 
need  of  trunk  electric  transmission  service  of  a  capacity  and 
range  of  greater  magnitude  than  thus  far  developed  or  required. 
Increasing  distances  and  increasing  quantities  of  power  require 
an  increasing  voltage  for  economic  transmission.  The  quanti- 
ties and  distances  involved  in  the  broad  field  outlined  in  the 
preceding  paragraph  pass  beyond  the  economic  range  of  existing 
transmission  voltages.  The  practical  working  out  of  this  next 
step  in  the  transmission  art  is  a  problem  now  definitely  facing 
the  engineer  and  manufacturer. 

Scarcely  more  than  ten  years  ago  an  operating  voltage  of 
100  kv.  was  remarkable;  today  130  kv.  may  be  considered 
standardized  and  150  kv.  is  in  sufficiently  extensive  use  to 
have  established  its  reliability. 

Two  himdred  and  twenty  kv.  appears  a  logical  choice  for  the 
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next  step  in  the  transmission  voltage  schedule.  Why  220  kv., 
it  may  be  asked?  Because,  from  an  appraisal  of  the  general 
situation,  a  voltage  of  this  order  is  considered  adequate  for  the 
immediately  pending  needs  of  the  industry  and  commensurate 
with  expected  growth  in  transmission  service  demands  for  a 
considerable  period.  Its  suitability  to  a  variety  of  conditions 
and  the  probable  extent  of  its  use  would  assure  it  a  place  in  the 
schedule  of  transmission  voltages  which  commercial  needs  are 
rapidly  standardizing.  Furthermore,  such  a  voltage,  while 
representing  a  step  beyond  present  usage  sufficient  to  afford  a 
distinct  economic  advantage,  does  not  reach  so  far  into  unin- 
vestigated fields  but  that  the  problems  of  development  and 
design  can  be  approached  with  full  confidence  of  early  com- 
mercial solution. 

The  particular  numerical  value  of  220,000  is  in  accord  with 
the  well  established  practise  of  standardization  in  multiples  of 
11,000.  In  some  instances,  it  may  be  an  incidental  con- 
venience that  this  voltage  is  the  double  of  the  extensively  used 
110  kv. 

An  illustration  of  the  advantage  for  long  transmission  dis- 
tances of  220  kv.  over  the  highest  present  system  voltage,  150 
kv.,  is  given  in  Figs.  1  and  2.  This  comparison  is  based  upon 
a  transmitted  load  of  500,000  kw.  The  same  relative  advan- 
tages will  obtain  for  larger  loads,  and,  above  a  certain  minimum, 
for  smaller  loads. 

The  field  of  220  kv.  is  not  broad.  Its  economic  application 
is  primarily  to  large  blocks  of  power  and  long  transmission 
distances.  It  is-  in  no  sense  a  panacea  for  transmission  prob- 
lems generally.  It  presumably  will  infringe  to  some  extent 
upon  the  present  fields  of  the  lower  transmission  voltages,  but 
will  by  no  means  tend  to  supersede  their  use,  in  fact  it  will 
considerably  enlarge  the  field  of  usefulness  of  such  secondary 
transmission  voltages  as  66  kv.  and  110  kv.  It  is  not  a  uni- 
versally suitable  medium  for  extensive  interconnection  of 
power  systems. 

Power  from  steam-electric  stations  in  the  coal  fields  or  from 
large  hydroelectric  stations  would  advantageously  be  trans- 
mitted over  220-kv.  lines  to  terminal  substations  at  important 
load  centers  or  at  the  hubs  of  secondary  transmission  networks 
serving  industrial  areas.  The  introduction  of  transmitted 
power,  in  amounts  limited  only  by  the  load  demands,  will 
constitute  a  strong  stimulus  to  expansion  of  these  networks. 
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Power  equalization  between  load  centers  mieht  frequently  best 
be  accomplished  through  extension  of  these  secondary  trans- 
mission lines.  Interconnection  at  220  kv.  would  be  expected 
only  where  the  equalizing  duty  reaches  a  large  magnitude, 
where  there  is  no  existing  secondary  transmission  system 
suitable  to  serve  as  a  basis  for  inter-connecting  lines,  or  where 
interconnecting  220-kv.  lines  might  function  also  as  a  supple- 
mentary or  important  reserve  link  in  a  main  220-kv.  trunk 
transmission  system. 


Step  up 
Station  I 


^ten  down  Station 


0  50  100         150         200         250        300 

LENGTH  OF  TRANSMISSION  LINE -MILES 

Fig.  1 — Economic  Comparison  of  154-kv.  and  220-kv.  Transmis- 
sion— Construction  Cost — Seven  Lines  154  kv.  and  Four  Lines 
220  KV.— 500,000  Kw.  Delivered 

Costs  include  those  of  lines,  step- up  and  step-down  substations  and  synchronous  con- 
densers. 

Costs  of  line  per  mile  154  kv.  120.000,  220  kv.  123,500 — all  costs  based  on  early  1919 
prices. 

Size  of  conductor  92.900  cm.  steel — 716,000  cm.  aluminum. 

Voltages  high  side  of  transformers,  receiver  end  150  kv.  and  200  kv.,  sending  end  170  kv. 
and  225  kv. 

To  a  marked  extent,  and  especially  in  the  earlier  stages  of 
its  introduction,  power  transmitted  at  220  kv.  will  be  high 
load-factor  power.  The  initial  investment  in  a  220-kv.  system, 
including  as  essential  elements  the  step-up  and  step-down 
stations,  will  be  of  such  magnitude  that  there  will  be  a  strong 
inducement  to  utilize  the  investment  as  nea  ly  continuously  as 
practicable,  thus  reducing  the  unit  transmission  cost  of  energy 
supplied.  The  natural  economic  tendency  in  introducing 
power  transmitted  from  distant  energy  sources  will  be  to 
supply  base  load,  leaving  the  peak  loads  to  existing  local 
generating  stations.  It  is  to  be  expected  that  high-voltage 
transmission  from  energy  sources,  fundamentally  economic  as 
it  is  believed  to  be,  will  in  general  for  years  contribute  only  a 
part  of  the  power  supply  of  any  district.    The  relegation  of 
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existing  stations  to  partial  operation  or  reserve  service  will  be 
gradual,  and,  even  when  transmitted  power  becomes  the  main 
reliance,  presumably  it  wilt  usually  prove  more  economical  to 
maintain  local  stations  for  reserve  and  short  peak  load  service 
than  to  provide  necessarily  expensive  transmission  capacity 
for  such  short  periods  of  actual  use. 


UNGTH  OF  TRAKSMISSION  UNE  -  MILES 


FiQ.  2— Economic  Couparison  of  154-kv.  and  220-kt.  TRANSMia- 
BiON — Fixed  Chabobs  and  Opsratinq  Cobtb— Seven  Lines  154  xv. 
AND  Four  Lines  220  kt. — 500,000  xw.  Delivered 

Corts  of  lina  per  mila.  1S4  kv.  (20.000.  220  Vv.  123,500— all  coiU  bued  od  sorlr  1B19 
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A  characteristic  of  the  field  of  220-kv.  transmisaon  which 
exerdses  a  determining  influence  upon  designs  and  costs  is  that 
it  is  a  field  of  high  service  standards.  A  220-kv.  system,  with 
the  generating  stations  for  which  it  would  be  the  outlet,  would 
represent  a  tremendous  amount  of  power.  The  economic 
importance  of  reliability  and  continuity  of  this  power,  in  view 
of  the  great  volume  of  industrial  enterprises  and  public  utilities 
which  would  be  dependent  upon  it,  is  of  so  high  an  order  that 
new  standards  of  care  in  design  and  conservatism  in  construction 
are  imposed.  The  aim,  and  a  not  unrealizable  aim,  is  to  make 
high-voltage,  large-capacity  transmission  for  all  practical  pur- 
poaes  equal  in  dependability  to  local  generation  of  power.      ^^ 
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Scope  of  Paper 

Based  upon  such  a  conception  of  the  field  of  220-kv.  trans- 
mission, it  is  the  aim  of  this  paper  to  carry  through  an  analysis 
of  a  typical  transmission  problem,  sufficiently  specific  as  to 
assumptions  to  afford  a  basis  of  designs,  but  not  limited  to  any 
exact  geographical  location.  Conditions  underlying  designs 
are  analyzed,  certain  salient  features  of  the  design  of  lines  and 
apparatus  are  discussed,  proposed  types  of  construction  are 
considered  and  an  effort  is  made  to  point  out  the  problems  of 
the  designer  and  the  manufactiu^er,  particularly  in  those 
applications  where  there  is  apparent  need  of  more  thorough 
investigation  and  research  before  particularized  conclusions 
can  be  drawn  with  confidence.  It  is  not  intended  that  the 
paper  be  in  any  sense  exhaustive  as  to  completeness  of  conclu- 
sions or  solution  of  details  of  the  problem,  which  for  any  specific 
case  will  involve  extensive  and  thorough  studies  and  investiga- 
tions based  upon  specific  load  characteristics,  geographical 
conditions  and  other  basic  considerations. 

The  studies  have  been  guided  by  the  desire  that  any  recom- 
mendations should  be  capable  of  prompt  commercial  execution. 
In  other  words,  it  has  been  the  aim  to  outline  a  type  of  con- 
struction built  up  essentially  of  established  factory  products  in 
such  way  as  to  insure  initially  successful  results.  At  the  same 
time  an  attempt  has  been  made  to  point  out  the  short-comings 
which  must  be  tolerated  and  the  apparent  opportunities  for 
more  efficient  solutions. 

It  is  the  desire  and  hope  that  this  tentative  development  of 
the  problem  in  outline  will  afford  a  basis  and  incentive  for  full 
and  constructive  discussion  by  those  interested  in  the  advance- 
ment of  the  art  of  power  transmission.  It  is  hoped  also  that  it 
may  encourage  designing  engineers  and  manufacturers  to 
undertake  needed  investigations  into  insufficiently  explored 
fields  as  the  foundation  for  developing  designs  for  suitably 
improved  apparatus  and  line  materials.  There  would  seem 
to  be  promising  opportunities  for  distinct  and  beneficial  de- 
partures from  prevailing  practises. 

Design  Features  of  220-kv.  Transmission  Lines 

General  Assumptions.  Before  considering  the  specific  de- 
signs which  are  suggested  for  220-kv.  transmission  lines,  a  brief 
statement  will  be  made  of  the  basic  underlying  assumptions  as 
to  loads  to  be  transmitted,  as  to  frequency  and  type  of  system 
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to  be  adopted  and  as  to  climatic  loadings  and  corona  conditions 
to  be  assumed. 

As  to  amount  of  load  to  be  transmitted,  it  is  assumed  that 
even  an  initial  220-kv.  system  would  be  laid  out  on  a  basis  of 
two  or  more  main  generating  stations  connected  to  load  centers 
by  a  nimiber  of  circuits.  The  load  per  220-kv.  circuit  has  been 
assumed  to  be  from  100,000  kw.  to  125,000  kw.  A  lower  load 
per  circuit  than  100,000  kw.  would  entail  a  considerable 
sacrifice  of  the  economy  obtainable  through  use  of  220  kv.  No 
discussion  is  offered  as  to  the  maximum  economic  load  per 
220  kv.-  circuit,  i.  6.,  as  to  the  point  above  which  additional 
circuits  should  be  provided,  since  in  any  initial  system  the 
number  of  circuits  would  be  determined  from  considerations 
rather  of  reliability  insurance  or  load  distribution  than  of 
maximum  inherent  economy.  Where  the  studies  involve  a 
specific  transmission*  distance,  250  miles  has  been  assumed  for 
purposes  of  illustration.  The  economic  range  of  220  kv.  as  to 
distance  is  very  large. 

The  frequency  of  a  220-kv.  trunk  transmission  system  should 
be  60  cycles.  For  a  general  power  distribution  system  furnish- 
ing lighting  and  power  service  in  cities  and  industrial  centers, 
the  superiority  of  60  cycles  over  25  cycles  has  been  well  estab- 
lished, and  for  a  transmission  system  delivering  power  to  such 
a  distribution  system,  the  decision  as  to  frequency  unquestion- 
ably must  follow  the  requirements  of  the  load.  In  some 
districts,  for  which  220-kv.  transmission  may  come  up  for 
consideration,  it  presumably  will  be  found  that  both  60  cycles 
and  25  cycles  are  in  use,  possibly  that  25  cycles  in  amount  of 
load  is  still  predominant.  Even  in  these  cases,  however,  the 
tendency  in  new  development  will  be  found  away  from  25 
cycles,  and  it  would  be  serious  economic  error  to  compromise 
so  important  an  undertaking  as  a  220-kv.  transmission  system 
with  a  frequency  approaching  obsolescence. 

High-capacity  long-distance  transmission  will  inevitably 
play  a  significant  part  in  electrification  of  main  line  railroads. 
In  instances  where  alternating-current  electrification  is  an 
important  factor  in  a  project,  there  may  be  greater  seeming 
inducements  in  favor  of  25  cycles,  but  even  in  such  cases  it  is 
believed  that  consideration  of  the  general  and  industrial  por- 
tions of  the  load,  of  the  probable  tendency  of  future  growth 
and  of  the  trend  toward  wide-spread  interconnection  will  lead 
to  a  decision  for  60  cycles. 
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From  the  standpoint  of  line  performance  alone,  use  of  the 
lower  frequency  would  afford  better  conditions  of  voltage 
regulation,  but  with  synchronous  condensers,  which  must  be 
regarded  as  an  integral  part  of  a  modem  high  capacity  trans- 
mission system,  the  problem  of  satisfactory  regulation  at  the 
higher  frequency  is  not  serious.  Incidental  considerations, 
none  of  them  relatively  important,  are  greater  cost  of  25-cyele 
equipment,  lower  reactance  of  a  25-cycle  system  and  hence, 
heavier  circuit  breaker  duty,  and  lower  corona  loss  for  25  cycles. 

The  step  to  220  kv.  will  by  no  means  be  the  ultimate  develop- 
ment in  power  transmission.  Eventually  a  demand*  may  be 
expected  for  transmission  capacities  and  distances  beyond  the 
economic  range  of  this  voltage,  and  the  advance  then  to  be 
evolved  may  conceivably  abandon  60  cycles  for  some  very  low 
frequency,  for  direct  current  or  for  some  other  revolutionary 
change  in  the  transmission  art.  Such  remote  eventualities, 
however,  do  not  affect  the  considerations  governing  the  step  to 
220  kv. 

Transformer  connections,  at  all  installations,  should  be 
grounded  Y  for  the  220-kv.  windings.  The  question  of  Y  vs. 
delta  connections  has  in  the  past  evoked  considerable  discussion 
for  each  new  undertaking,  whatever  the  specific  requirements 
of  the  system,  and  debate  may  arise  in  connection  with  pro- 
jected 220-kv.  transmission.  Modem  thought  and  experience 
shows  a  consistent  tendency  toward  the  use  of  grounded  Y 
connections  over  the  whole  range  of  higher  voltages.  For  a 
220-kv.  system,  in  addition  to  a  distinct  gain  in  dependability 
of  operation,  the  requirements  for  line  and  equipment  insula- 
tion, with  their  attendant  effect  upon  the  size  and  cost  of 
equipment,  particularly  transformers,  gives  the  grounded  Y 
arrangement  a  marked  advantage. 

The  simultaneous  conditions  of  maximum  climatic  conductor 
loading  used  as  a  basis  for  line  design  have  been  assumed  as 
follows : 

a.  Wind  pressure  of  8  lb.  per  sq.  ft.  of  projected  area,  cor- 
responding to  an  indicated  wind  velocity  of  72  mi.  per  hr.; 

b.  Ice  of  13^^  inches  radial  thickness  on  all  wires; 

c.  Temperature  of  0  deg.  fahr. 

For  checking  clearances  of  conductors  a  maximum  temperature 
of  120  deg.  fahr.  has  been  assumed. 

These  loadings  are,  of  course,  far  in  excess  of  those  used  as  a 
basis  for  ordinary  transmission  line  design.    It  is  not  believed 
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that  there  is  any  reasonable  likelihood  of  the  line  being  sub- 
jected to  such  a  simultaneous  combination  of  conditions. 
From  the  standpoint  of  vertical  tower  loads;  there  is  a  real 
possibility  of  occasional  ice  loadings  as  heavy  as  or  even  heavier 
than  assumed,  and  accordingly  a  reasonable  margin  of  excess 
vertical  strength  is  called  for.  Justification  for  these  appar- 
ently extreme  loading  assumptions  is  found  in  the  high  service 
standards  which,  as  noted,  must  in  general  apply  in  220-kv. 
service.  In  view  of  the  economic  importance  of  continuity  of 
service,  it  is  considered  that  this  basis  is  not  unreasonable  for 
a  region  where  severe  climatic  conditions  obtain,  and  in  particu- 
lar where  heavy  sleet  is  to  be  expected.  Where  climatic  condi- 
tions are  more  mild,  a  lighter  loading  basis  should  naturally  be 
assumed.  In  the  planning  of  any  particular  project,  this 
question  of  assumptions  as  to  line  loading,  and  the  underlying 
economic  conditions,  should  receive  most  careful  consideration. 
Corona  formation  and  corona  loss  enter  as  a  significant  factor 
in  the  design  of  transmission  lines  at  this  high  voltage.  The 
conditions  assumed  for  this  study  are : 

a.  Average  elevation,  1000  ft.  (normal  barometer  28 . 9  in) ; 

b.  "Storm  factor'',  or  percentage  of  time  during  which 
conductors  would  be  subject  to  increased  corona  losses  due  to 
rain,  snow,  sleet  or  fog,  12 .5  per  cent; 

c.  Conditions  during  "storm"  periods,  28.4  in.  barometer, 
average  temperature  55  deg.  fahr. 

Corona'conditions  likewise  will  require  special  study  for  each 
particular  installation,  particularly  the  matter  of  "storm 
factor."  The  ordinary  source  of  data  will  be  Weather  Bureau 
records.  The  published  reports,  however,  while  complete  as 
to  amoimt  of  precipitation  and  number  of  days  of  which  pre- 
cipitation occurs,  do  not  give  in  summarized  form  the  actual 
duration  of  storm  conditions.  A  reasonably  correct  value  of 
the  factor  for  any  district  may  be  obtained  from  study,  extend- 
ing over  a  considerable  period,  of  the  original  records  of  individ- 
ual storms  at  several  stations  in  the  district.  The  dividing 
line  between  "storm"  and  "fair"  conditions  is,  of  course,  not 
clearly  defined,  and  hence  preciseness  of  results  is  difficult  to 
attain. 

Conductor  Materials  and  Types.  Apparently  the  choice  of 
conductor  materials  and  types  for  220  kv.  service  is  limited,  at 
least  from  the  standpoint  of  immediate  availability,  to  three 
alternatives, 
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1.  Aluminum  with  steel  core. 

2.  Copper  with  steel  core. 

3.  All  copper. 

Aluminum  without  steel  core  does  not  possess  sufficient 
mechanical  strength  for  use  on  the  span  lengths  in  current  use 
for  high- voltage  transmission.  From  the  standpoint  of 
mechanical  strength,  copper  may  be  used  either  with  or  without 
steel  core.  A  copper  cable  with  a  core  of  some  other  type  than 
steel  strand  is  a  possibility;  hemp  cores  have  been  used,  but 
experience,  while  inconclusive,  appears  to  indicate  that  there 
may  be  injurious  chemical  action ;  a  semi-hollow  copper  cable 
with  internal  spacers  of  wood  or  metal  has  been  suggested,  but 
its  feasibility  has  not  been  demonstrated  and  there  seem  to  be 
no  real  benefits.  Such  a  dead  weight  "filler"  decreases  the  effec- 
tive strength  of  the  cable. 

As  to  the  satisfactory  performance  of  steel  cored  cables,  there 
appears  to  be  but  one  point  open  to  question;  i.  e.,  possible 
electrolytic  action  between  the  galvanizing  coat  of  the  steel 
and  the  main  conductors.  Composite  aluminum  cables  have 
been  coming  into  increasing  use  during  recent  years,  and  from 
the  experience  gained,  there  is  growing  assurance  of  freedom 
from  electrolytic  action  which  would  materially  impair  the 
durability  of  the  cable.  Aluminum  and  zinc  are  not  far 
separated  in  the  electro-chemical  series,  and  aluminima  is 
electro-positive  to  the  zinc,  so  that  there  is  less  reason  for 
anticipating  trouble.  There  has  been  less  experience  with 
copper  cable  with  galvanized  steel  core,  but  theoretically  the 
conditions  are  somewhat  less  favorable,  since  copper  is  farther 
separated  from  and  electro-negative  with  respect  to  zinc.  It 
may  be  noted,  however,  that  no  injurious  action  has  been 
observed  in  the  extensive  use  of  galvanized  fittings  with  copper 
cable.  Further  experience  with  such  composite  copper  cables 
is  awaited  with  interest.  In  case  injurious  electrolytic  action 
is  established  with  galvanized  cores,  there  appear  to  be  a 
number  of  possible  remedies,  such  as  the  use  of  copper  plated 
steel  cores.  A  sufficiently  heavy  copper  plating  would,  how- 
ever, be  more  expensive  than  galvanizing. 

In  general,  for  equal  conductivity,  the  relative  physical 
advantages  of  the  three  types  of  conductors  may  be  summarized 
as  follows.  Certain  features  noted  will  later  be  discussed  in 
more  detail. 
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Aluminum^ateel  vs,  copper-steel 

1.  Less  corona  loss,  due  to  larger  diameter 

2.  Skin  efiPect  presumably  approximately  equal 

3     Greater  area  exposed  to  wind  loading,  hence,  greater  trans- 
verse tower  strength  and  greater  clearances  required 

4.  Less  tensile  strength,  hence  more  limitation  upon  height  and 
spacing  of  towers 

5.  Less  weight  (unimportant) 

AU-copper  vs.  composite  cable 

1.  More  corona,  greater  than  either  of  above 

2.  AU  material  effective  as  a  conductor 

3.  Skin  effect  more  serious  in  larger  sizes,  owing  to  high  priced 

material  in  the  core 

4.  Less  area  exposed  to  wind  loading 

5.  Less  total  tensile  strength  than  either  of  above 

6.  Less  weight  than  copper-steel 

7.  Homogenity    of    material,    hence    certain    advantages    in 

construction,  more  positive  assurance  of  durability  and 
higher  scrap  value 

It  will. be  seen  that  aluminum-steel,  due  to  corona  limitations, 
has  a  greater  relative  advantage  for  smaller  line  loads,  which 
economically  require  smaller  sizes  of  cable  than  for  larger  line 
loads. 

For  any  particular  case  and  any  given  magnitude  and  charac- 
ter of  load  to  be  transmitted,  the  choice  of  conductor  type  will 
depend  upon  a  complex  economic  balance  between  the  cost  of 
materials  involved,  the  losses  due  to  resistance,  corona,  and 
skin  effect,  and  the  mechanical  characteristics  of  the  cables. 
Different  loads  may  call  for  different  types. 

For  the  purpose  of  developing  tower  designs,  a  cable  of 
716,000  cir.  mils  of  alimiinum  and  93,000  cir.  mils  of  steel  has 
been  used  in  the  studies  which  follow,  the  considerations 
upon  which  this  selection  was  made  will  be  discussed  later. 

Electrical  Characteristics  of  Conductors.  At  such  a  high 
voltage  as  220  kv.,  one  of  the  primary  considerations  in  select- 
ing size  and  type  of  conductor  is  corona  formation  and  corona 
loss  in  its  relation  to  conductor  diameter.  The  subject  has 
been  extensively  treated  by  Peek  and  others  before  the  Institute 
and  the  methods  of  calculation  outlined  by  these  authorities 
have  been  employed  in  the  studies  which  follow.  In  these 
methods  of  analysis,  it  is  necessary  to  assign  values  to  the 
principal  factors  affecting  corona.  The  physical  and  climatic 
conditions  assumed  have  been  stated  earlier.  The  conductor 
arrangement  has  been  taken  as  a  flat  horizontal  configuration 
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with  conductors  separated  20  ft.  Proper  allowance  has  been 
made  for  the  unbalanced  disruptive  cntical  voltages  due  to 
this  horizontal  configuration.  The  conductor  irregularity 
factor,  taking  into  account  the  effect  of  weathering  of  the  con- 
ductor with  age  and  the  irr^lar  surface  resulting  from  strand- 
ing, has  been  assumed  as  0.87. 

In  Table  I  are  shown,  for  a  number  of  conductor  sizes,  the 
fair  weather  and  storm  disruptive  critical  voltages  and  the 
total  corona  loss  for  250  miles  of  circuit.     Corona  losses  for 
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Fio,    3 — 220-(tv.  CoBONA  Power  Lobs  for  250-Milb    Circdit  { 
Table  I  for  Explanatory  Data) 

a  Voltage  Held  Constant  at  230  kv. 


various  load  factors  are  shown  graphically  in  Fig.  3.  In  deter- 
mining the  values  of  line  voltage  to  be  used  in  corona  calcula- 
tions, effective  r.  m.  s.  values  of  load  were  obtained  from 
hypothetical  daily  load  curves  prepared  for  various  load  factors, 
and  the  mean  voltages  corresponding  were  determined  from 
typical  line  regulation  curves  [Figs.  4,  5  and  6).  It  is  believed 
that  this  method  of  analysis  affords  a  reasonably  and  sufficiently 
accurate  estimate  of  corona  losses. 

The  electrical  characteristics  of  composite  cables,  other  than 
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as  regards  corona,  are  somewhat  more  complicated  of  analyds 
than  for  a  cable  of  homogeneous  material,  particularly  as  to 
the  effects  of  the  steel  core  on  the  internal  inductance  and 
effective  resistance  of  the  conductor.  In  the  preparation  of 
these  studies,  access  has  been  had  to  data  from  certain  experi- 
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RESULTS 

Curve 

Rec'r 
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Cond'r 
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High  voltage 

Equiv.  low 
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%  p.  f . 
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%  p.  f. 
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%  p.  f. 
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% 

A 
B 
C 

0 
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203.0 
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♦98.72 

e  line 
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t     4.61 
96.15 
♦100.0 

227.9 
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t  4.69 

97.28 

♦99.67 

2.646 

2.780 

11,927 

•  • 

5.6 

11.9 

Notb:     ♦Indicates  lagging  quantities, 
flndicates  leading  quantities. 

Fig.  4 — 220-kv.  Transmission  Line  Characteristics — Relations 
Between  kw.,  kv.,  p.  f.,  and  Condenser  kv-a. — Conductor — 716,000 
CM.  Aluminum — 92,900  cm.  Steel  • 

CALCULATION  ASSUMPTIONS 

Steel  core  aluminum  conductor — 716,000  c.  m.  aluminum  and  92,900  c.  m.  steel — 20  ft. 
horizontal  spacing 

Constant  receiver  volts — 200.000  (low  side  receiver  transformer,  includes  transformer 
drop). 

Constant  generated  volts — 230.000  (high  side  generator  transformer) 

Loads— delivered  at  75  per  cent  i>ower  factor 

Transformer  bank  of  50.000  kw.  capacity  with — resistance  0.5  per  cent,  reactance  12.0 
per  cent 

Two  banks  of  transformers  in  parallel  at  each  end  of  line. 

Losses  include  those  of  line,  transformers  and  synchronous  condensers 


ments  recently  conducted  in  regard  to  these  effects.  It  is 
understood  that  the  investigators  who  have  been  carrying  out 
these  experiments  anticipate  presenting  their  findings  in  some 
detail  to  the  engineering  profession  at  an  early  date.  It  may 
be  stated  that  this  investigation  indicates  that  in  the  practical 
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application  of  inductance  and  resistance  formulas  and  calcula- 
tions to  transmission  line  studies,  the  effect  of  the  steel  core 
may  be  neglected. 
Skin  effect  assumes  appreciable  proportions  for  the  large 
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Fio.  5 — 220-Kr.  Transmibsion  Line  C h ar a cTEaisTics— Relation 
Between  kw.,  kv.,  p.  r.  and  Condenser  kv-a, — Cohductor — 150,000 
CH.  Copper— 308,200  cu.  Steel 

CALCULATION  ASSUMPTIONS 
icloi— 150.000  c.  m.  copper  and  308.200  c.  m.  steel— 20  ft.  hori- 


^r  volts— 200.000  (Lowsid 
drop) 

Conitant  genefated  volta— 230.000  (high  si 
Loads—delivered  at  75  per  cent  power  fac 


naCon 


sizes  of  conductor  called  for  by  220-kv.  transmission,  particu- 
larly in  case  of  the  larger  sizes  of  all-copper  cable.  The  calcu- 
lation of  skin  effect  in  composite  cables  is  somewhat  more 
complicated  and  burdensome  than  in  the  case  of  a  homogeneous 
conductor. 
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The  operating  characteristics  of  a  220-kv.,  250-mile  line  are 
illustrated  by  Figs.  4,  5,  and  6,  which  show  for  an  aluminum- 
steel,  a  copper-steel  and  an  all-copper  conductor  the  relations 
between  power  transmitted,  generator,  receiver  and  line  volt- 
ages, power    factor,  condenser  load    and  resistance  losses. 
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NOTB  ♦Indicates  lagging  quantities 
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Fig.  6 — 220-kv.  Transmission  Line  Characteristics — Relation 
Between  kw.,  kv.,  p.  p.  and  Condenser  kv-a. — Conductor — 500,000 
CM.  Copper 

CALCULATION  ASSUMPTIONS 
500.000  cm.  copper  (no  steel  core — 20  ft.  horizontal  spacing. 

Constant  receiver  volts  200.000  Oow  side  receiver  transformer — includes  transformer 
drop) 

Constant  generated  volts  230,000  (high  side  generator  transformer) 

Loads — delivered  at  75  per  cent  power  factor. 

Transformer  bank  50,000  kw.  with  resistance  0.5  per  cent,  reactance  12.0  per  cent 

Two  banks  of  transformers  in  parallel  on  each  end  of  lino. 

Losses  include  those  of  line,  transformers  and  synchronous  condensers 


Necessary  explanatory  details  are  shown  in  tabulations  accom- 
panying the  curves.  These  studies  show  that  effective  voltage 
regulation  of  such  long  distance,  high  capacity  lines  may  be 
obtained  by  means  of  large,  but  not  impracticable,  synchronous 
condenser  installations. 
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A  study  of  the  relative  economy  of  various  sizes  and  types  of 
conductors  is  shown  in  Fig.  7,  with  accompanying  explanatory 
data  in  Table  II.  This  study  shows,  for  a  load  of  100,000  kw. 
per  circuit  delivered  at  0.75  power  factor  and  at  load  factors  of 
60  per  cent,  75  per  cent  and  90  per  cent,  that  the  combined 
annual  costs  of  such  items  of  the  transmission  system  as  would 
be  materially  affected  by  the  size  and  type  of  the  conductor, 
i.  e.,  interest,  taxes  and  amortization  charges  on  cost  of  conduc- 
tor, annual  value  of  lost  power  on  the  line  due  to  resistance  and 
corona  and  of  power  absorbed  by  transformers  and  condensers. 
The  curve  falling  lowest  on  the  scale,  at  any  number  of  years 
which  may  be  assumed  as  the  life  of  the  line,  represents  the 
most  economical  of  the  conductors  considered. 

This  curve  is  presented  merely  as  an  example  of  the  general 
method  followed  in  studying  conductor  economy.  It  does  not 
represent  the  degree  of  refinement  which  would  be  warranted 
in  making  final  determination  of  the  economical  conductor  for 
an  actual  220-kv.  installation.  Other  items  for  which  allow- 
ance should  be  made  in  such  a  study  are  the  effect  of  conductor 
size  and  type  upon  cost  of  line  structures  and  insulators,  and 
the  possible  scrap  value  of  the  conductor.  Amortization  should 
preferably  be  calculated  by  the  annuity  or  "sinking  fund" 
method  rather  than  by  the  simpler  straight  line  method.  It 
should  be  noted,  however,  that  these  additional  refinements 
tend  in  some  respects  to  offset  one  another,  a  feature  which 
gives  added  justification  for  their  omission  from  a  preliminary 
study.  Obviously,  in  any  case  great  refinement  in  the  technical 
assumptions  is  not  called  for  until  reasonably  close  values  can 
be  assigned  to  cost  of  conductor  materials,  for  which  the  market 
will  presumably  be  unstable  for  some  time  to  come,  to  the 
equivalent  costs  of  the  power  losses,  and  to  the  percentages  to 
be  employed  for  return  on  investment,  taxes,  etc. 

For  the  purpose  of  developing  the  line  designs  which  will  be 
presented  later,  a  cable  was  chosen  consisting  of  716,000  cir. 
mils  of  aluminum  (54  strands  of  0.1151-inch  diameter)  and 
93,000  cir.  mils  of  steel  (7  strands  of  0.1151-inch  diameter). 
Particular  attention,  however,  is  called  to  the  fact  that  these 
designs  were  started  and  this  conductor  chosen  as  a  basis  of 
study  about  a  year  ago,  when  prices  were  much  higher  than  at 
present,  and  further  that  the  choice  was  made  upon  the  basis 
of  a  lower  load  factor  than,  in  the  light  of  further  study,  seems 
reasonable  to  assume  as  likely  to  obtain  on  the  usual  220-kv. 
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tranamission  system.  It  is  fully  recognized  that  at  present 
price  levels  and  for  a  high  load  factor,  the  economical  size  at 
conductor  would  be  larger  than  this,  and  that  possibly  the 
economic  advantage  would  fall  to  a  different  type. 

Mechanical  Characteristics  of  Aluminum-Steel  Conductor. 
The  large  and  heavy  cables  required  for  220-kv.  transmiasdon, 
and  the  heavy  conductor  loadings  which  the  importance  of 


Fig.  7— Economic  Coufarison  of  2*20  kv.  Transmission  Condoc- 
TOB8— Annual  Cost  Curves— 2.50  Mile.  100,000  kw.  Sinolb  Circuit 
Line  (See  Table  II  for  Explanatory  Data) 


220-kv.  service  requires  as  a  design  basis,  together  with  the 
unusual  general  precautions  which  must  be  taken  to  assure 
reliability,  call  for  a  new  order  of  refinement  in  the  mechanical 
features  of  line  design.  Careful  study  with  a  high  degree  of 
imaginative  foresight  is  required  to  provide  against  unsafe  loads 
being  imposed  upon  insulators  and  towers  or  clearances  being 
dangerously  reduced  as  a  result  of  unusual  or  unexpected  con- 
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tingencies,  and  against  possible  unpreventable  failures  becom- 
ing ciimulative  and  occasioning  extensive  damage. 

The  mechanical  characteristics  of  steel-core  aluminum  cables 
are  complicated,  and  calculation  of  stresses  and  sags  under 
var3dng  loading  and  topographical  conditions  presents  an 
involved  and  difficult  problem.  This  is  due  to  the  fact  that 
the  co-efficients  of  expansion  and  moduli  of  elasticity  are 


TABLE  II 

DATA  RELATING  TO  ECONOMIC  COMPARISON  OF  220  KV.  TRANSMISSION 

CONDUCTORS 

(See  Pig.  7) 

Annual  Cost  Curvbs  for  9  Different  Cables  at  3  Load  Factors 

1.     Annual  cost  curves  are  plotted,   dollars  as  ordinates,  years  as  abscissas,  and  show  the 
annual  cost  for  any  period  up  to  48  years.     This  is  explained  as  follows: 
.  1    f  ^*     Depreciation    expressed    as  first  cost  divided  by  number  of    years 

Cost      \ 
Includes 


chosen. 
I  2.     Yearly  interest  and  taxes  taken  as  8  per  cent  of  first  cost. 
[3.     Annual  value  of  Lost  Power  taken  as  6  mills  per  kw-hr. 
First  cost  includes  only  cost  of  finished  Aluminum-Steel  Cable  at  44.9c.  per    lb.   for 
aluminum  and  12.2c.  per  lb.,  for  steel  f.  o.  b.  factory.     First  cost  of   finished  copper 
or  copper-steel  cable  (gl  27 .  7c.  per  lb.  for  copper  and  12 .  2c.  per  lb.  for  steel   f .  o.  b. 
factory.     All  other  items  of  construction  costs  have  been  eliminated  as  not  materially 
affecting  the  relative  positions  of  the  curves. 
Lost  power  includes  line  /*  R,  transformer  />/?,  condenser  loss  and  corona  loss. 
Cable  Data. 


Curve 

designation 
(See  Pig.  7) 

Kind 
of 
cable 

First 
Cost 

Circular  Mils 

Strands 

Diam. 

of 
cable 

in. 

Alum. 

or 
copper 

Steel 

Total 

of 
cable 

Alum. 

or 
copper 

Steel 

A 
B 
C 
D 
E 
P 
G 
H 
K 

Al.-St. 

Al.-St. 

Al.-St. 

Al.-St. 

Copper 

Cu.-St. 

Cu.-St. 

Cu.-St. 

Cu.-St. 

11.175.700 
1.362.800 
1,513.500 
1.814.000 
1.764.800 
1.733.300 
1.924.400 
1,790.200 
2.011.700 

605.000 
716.000 
795,000 
954.000 
500.000 
450.000 
500.000 
400.000 
450.000 

78.000 

92.900 

103.100 

123.700 

•  •  •   • 

105.000 
116.600 
274,000 
308.200 

683.500 
808.900 
898.100 
1.077.700 
500.000 
555.000 
616.600 
674,000 
758,200 

54 
54 
54 
54 
37 
30 
30 
54 
54 

7 
7 
7 
7 

«   • 

7 

7 

37 

37 

0.952 
1.036 
1.092 
1.196 
0.814 
0.857 
0.904 
0.946 
1.004 

different  for  the  two  metals  and  consequently  are  not  accurately 
determinable  for  the  composite  cables.  The  cable  manufac- 
turers, however,  have  investigated  these  characteristics  and 
have  developed  practical,  though  laborious,  methods  of  calcu- 
lation of  conductor  stresses  and  sags.  These  methods  have 
been  followed  and  are  considered  in  the  main  to  give  results  of 
an  accuracy  satisfactory  for  design  purposes. 


I 

i 
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The  basic  data  for  calculations  have  been  taken  as: 

Aluminum         Steel 


Elastic  Limit  Qb.  per  sq.  in.). . . . 14,000  130,000 

Modulus  of  elasticity  (lb.  per  sq.  in.)     . .        9  X  10*      30  X  10* 
Co-efficient    of    expansion    (per    degree 

fahr) 12.8  X  1(H  6.4  X  lO"* 

Elastic  limit  of  composite  cable     17,300  lb. 
(716,000  cir.  mils  aluminum,     93,000  cir.  mils  steel) 

Within  any  limits  thus  far  investigated,  it  appears  economi- 
cal under  the  design  loading,  to  utilize  the  full  strength  of  the 
conductor  up  to  its  elastic  limit,  i.  e.,  to  keep  sags  to  a  minimum, 
thus  enabling  use  of  shorter  towers  or  longer  spans  at  the 
expense  of  stronger  supporting  structures  at  angles  and  dead- 
end points.  With  a  new  aluminum-steel  cable,  when  the  load- 
ing has  been  reached  which  will  stress  the  steel  core  to  its 
elastic  limit,  the  aluminum  will  have  passed  its  elastic  limit  and 
in  consequence  have  been  permanently  stretched.  The  full 
working  strength  of  the  cable,  17,300  lb.,  will  then  have  been 
developed,  and  it  may  then  be  said  to  have  reached  its  final 
stretched  condition,  i.  e.,  to  have  received  its  "permanent  set". 
As  the  heavy  design  loading  is  removed,  the  action  of  the 
aluminum  strands  will  be  to  loosen  infinitesimally  on  the  steel 
core  and  to  take  no  stress.  In  any  subsequent  applications  of 
the  design  loading,  the  core  will  again  be  stressed  to  the  elastic 
limit  of  the  steel,  and  the  aluminum  will  coincidentally  reach 
its  own  elastic  limit  stress.  At  lighter  loadings  the  aluminum 
will  be  a  dead  load  upon  the  steel  core,  which  will  carry  all  of 
the  stress. 

This  introduces  an  interesting  feature  in  that  the  charac- 
teristics of  the  composite  cable  when  new  are  distinctly  different 
from  its  characteristics  after  it  has  received  its  "permanent 
set,"  and,  for  loadings  less  than  the  design  loading,  will  follow 
different  tension-sag  curves.  This  relation  is  shown  graphi- 
cally in  Fig.  8. 

The  problem  of  predetermining  stringing  sags  for  a  suspen- 
sion insulator  line,  in  which  there  will  be  considerable  differen- 
ces in  lengths  of  adjoining  spans  and  in  elevations  of  the  ends 
of  individual  spans,  involves  considerations  of  unbalanced 
tower  loads,  abnormal  insulator  loads  and  reduced  tower  and 
ground   clearances   under   varying   conditions   of   conductor 
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loading.  It  Is  necessary,  initially,  to  assume  a  somewhat 
different  mental  attitude  toward  the  problem  of  conductor 
stringing  than  that  which  largely  has  been  customary.  For 
the  conditions  of  220-kv.  design,  with  heavy  design  loadings 
and  large  conductors  under  heavy  tension,  the  problem  assumes 
greater  importance  than  in  transmission  line  practise  heretofore. 
In  usual  practise  on  suspension  insulator  lines,  the  conductor  is 
strung  to  a  cert^n  predetermined  tension,  derived  from  tension- 
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sag  curves  on  the  basis  of  the  average  span  length  between 
dead-Mid  points,  and  the  suspension  insulators  are  then  tied  in 
in  a  vertical  position.  It  is  assumed  that  when  the  design 
loadings  occur  the  conductor  tensions  and  attendant  loads 
upon  insulators  and  towers  will  continue  to  maintain  the  con- 
dition of  proper  balance  of  stresses  within  reasonably  close 
limits.  Probably,  with  most  present  lines,  the  resulting 
unbalanced  effects  under  design  loading  will  not  be  serious, 
nder  the  assumed  220-kv.  design  conditions,  preliminary 
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study  has  shown  that  such  a  method  of  stringing  will  result, 
under  the  extremely  heavy  design  loading,  in  great  longitu- 
dinal deflections  of  suspension  insulators  intended  to  operate 
purely  as  suspension  units,  and  will  consequently  imi)ose 
unsafe  tensions  upon  these  insulators,  with  attendant  unbalanc- 
ing of  tower  loads  and  possibly  dangerous  reduction  in  tower 
clearances,  in  addition  to  over-stressing  and  stretching  the 
conductor  itself. 

The  theoretically  proper  point  of  view  is  that,  under  design 
loading  conditions,  the  conductor  should  be  uniformly  stressed 
to  its  elastic  limit  and  insulators  should  be  hanging  normally. 
Assuming  the  line  to  be  in  this  condition  under  mainmum  load, 
the  inverse  of  the  condition  just  described  will  occur  as  the 
load  is  removed  and  the  conductor  contracts  in  length,  that  is, 
the  suspension  insulators  will  assume  certain  definite  deflec- 
tions at  towers  between  spans  of  different  lengths  and  at 
adjacent  towers  at  different  elevations,  resulting,  of  course,  in 
a  non-uniform  tension  in  the  conductor  itself.  It  is  this 
imbalanced  condition  without  load  which  careful  design  should 
aim  to  produce  in  initial  stringing.  This  method  of  stringing 
might,  however,  in  some  cases  result  in  excessive  insulator 
deflections  and  tensions  under  the  non-loaded  condition  of  the 
conductor,  and  some  compromise  between  the  two  methods 
may  be  necessary  to  safeguard  the  clearances  of  the  unloaded 
conductors. 

A  method  of  predetermining  for  stringing  conditions  the 
proper  conductor  tensions  or  sags  in  individual  spans  and  the 
proper  insulator  deflections  is  accordingly  a  desirable  refine- 
ment. Some  approximate  treatment  of  the  subject,  at  least, 
will  probably  be  necessary.  It  should  be  noted  that  the  220-kv. 
designs  suggested  in  this  paper  contemplate  the  use  of  very 
long  suspension  insulator  strings,  and  that  this  length  of  string 
tends  to  lessen  the  amount  of  abnormal  insulator  and  tower 
stresses  and  reduction  of  tower  clearances  which  may  be  set  up. 
If,  as  is  hoped,  improvement  in  insulator  design  should  enable 
the  adoption  of  a  shorter  insulator,  an  accurate  method  of 
conductor  stringing  will  become  correspondingly  more  impor- 
tant. 

A  purely  mathematical  treatment  of  the  problem  appears 
complex  in  the  extreme,  although  approximate  methods  of 
analysis  seem  to  be  feasible.  The  working  out  of  such  ap- 
proximate methods  offers  an  interesting  and  valuable  sub- 
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ject  for  research.  An  exceedingly  instructive  experimental 
investigation  could  be  made  along  these  lines,  either  by  means 
of  a  series  of  spans  of  a  full-sized  line  capable  of  being  artifi- 
cially loaded,  or  by  means  of  a  miniature  properly  propor- 
tioned model.  One  troublesome  feature  of  such  an  experi- 
mental determination  of  these  phenomena  would  seem  to  be 
that  of  readily  obtaining  and  controlling  the  necessary  tempera- 
ture range,  or  of  compensating  or  correcting  fpr  temperature 
variation  by  some  indirect  means.  Such  an  investigation 
would  fulfill  a  most  valuable  function  in  supplying  empirical 
constants  to  be  used  as  a  basis  for  mathematical  treatment  and 
in  verifying  the  results  of  approximate  methods  of  analysis. 

The  problem  of  actual  stringing  is  further  complicated  by 
the  use  of  a  composite  cable,  owing  to  the  shifting  of  tensions 
between  the  alumimmti  and  the  steel,  and  especially  to  the 
radically  different  characteristics  of  the  cable  before  and  after 
it  has  been  stretched  to  receive  its  "permanent  set",  as  pre- 
viously described  and  as  illustrated  by  Fig.  8.  This  differ- 
ence in  characteristics  leads  to  the  possibility  of  two  different 
methods  of  stringing  a  composite  cable,  i,  e,,  it  may  be  strung 
as  received  from  the  factory,  or  it  may  be  stressed,  prior  to 
sagging  and  tying  in,  to  its  full  strength,  17,300  lb.,  thus  giving 
it  nearly  all  of  its  "permanent  set"  (it  would  receive  all  of  its 
"permanent  set"  if  the  stretching  were  done  at  0  deg.  fahr.) 
In  the  latter  case  a  series  of  tension-sag  curves  based  upon  the 
"permanent  set"  condition  of  the  cable  would  be  used  for 
stringing.  In  the  case  of  stringing  the  new  unstretched  cable, 
it  would  be  necessary  to  develop  a  special  series  of  tension-sag 
curves,  while  the  "permanent"  tension-sag  curves  would  be 
used  in  locating  towers  and  checking  clearances. 

For  a  new  cable,  in  the  absence  of  special  data,  the  division 
of  stress  between  the  aluminum  and  the  steel  is  indeterminate. 
Such  special  data  may,  however,  be  obtained,  presumably  by 
experiment.  It  probably  will  be  found  that  the  conditions  of 
the  cable  as  it  comes  from  the  factory  is  sufficiently  uniform  to 
enable  such  special  stringing  curves  to  be  used  consistently. 
The  application  of  methods  predetermining  insulator  deflec- 
tions, as  discussed  above,  would  involve  even  further  complica- 
tion if  these  special  unstretched  tension-sag  curves  were  to  be 
used  for  stringing. 

From  the  operating  standpoint,  however,  it  would  seem 
preferable  to  string  the  cable  without  preliminary  stretching. 
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The  design  loading,  with  the  large  margin  of  safety  which  it  is 
assumed  to  contain,  will  probably  rarely  be  reached  or  approxi- 
mated on  the  greater  portion  of  the  line.  The  smaller  initial 
sags  would  then  in  practise,  for  the  greater  part,  never  be 
increased  to  the  "permanent"  sags  by  natural  causes.  Hence 
there  would  be  obtained  the  advantage  of  smaller  normal 
operating  sags,  with  the  unstretched  aluminum  acting  as  a 
reserve  to  increase  them  suitably  when,  or  if,  the  design 
loading  should  occur. 

Possibly  a  combination  of  the  two  methods  might  be  worked 
out,  whereby  the  cable  would  be  stressed  before  tying  in  to 
some  definite  tension  sufficient  to  insure  giving  the  aluminum 
part  of  its  "permanent"  set.  It  would  then  be  sagged  in  by 
unloaded  tension-sag  curves  based  upon  the  definite  relation 
between  stresses  in  the  aluminum  and  the  steel  as  established 
by  this  preliminary  application  of  tension. 

The  practical  importance  of  the  theoretical  considerations 
involved  in  stringing  irregular  spans  supported  by  suspension 
insulators,  and  the  extent  to  which  refinements  may  and  should 
be  carried  will  in  the  last  analysis  be  governed  by  consideration 
of  the  practical  limits  of  field  application,  taking  into  accoimt 
the  many  variable  physical  and  personal  factors.  The  intent 
is  to  point  merely  to  the  interesting  and  apparently  effective 
possibilities  of  theoretical  and  experimental  research,  pending 
further  analysis  and  study.  No  field  stringing  curves  embody- 
ing the  refinements  suggested  have  yet  been  developed,  even 
in  approximate  form.  For  purposes  of  clearance  determina- 
tions, of  tower  design  and  of  study  of  tower  economics,  the  use 
of  "average  span"  tensions  and  sags  probably  embodies 
sufficient  accuracy,  and  has  tentatively  been  used. 

Adequate  splices  for  aluminum-steel  cables  no  longer  are 
considered  to  present  a  problem.  Satisfactory  types  have  been 
developed  and  are  in  successful  use  on  existing  lines.  In 
making  these  splices,  the  aluminum  is  cut  back  from  the  ends 
of  the  steel  core,  the  core  is  then  spliced  by  means  of  a  soft  steel 
sleeve,  twisted  on  by  means  of  special  wrenches,  and  the  sleeve 
and  a  considerable  length  of  the  aluminum  strand  at  each  end 
are  then  covered  by  a  heavy  aluminum  sleeve  which  is  solidly 
compressed  on  the  conductors  between  the  dies  of  a  portable 
oil  operated  jack.  Such  splices  are  reported  to  develop  the 
full  strength  of  the  cable,  the  splice  itself  having  considerable 
excess  strength. 
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Overhead  Ground  Wires.  The  line  designs  presented  provide 
for  two  overhead  ground  cables  of  5/8-inch  diameter  high- 
strength  steel,  16,000  lb.  elastic  limit  for  the  cable.  The 
justification  for  the  use  of  ground  wires  in  220-kv.  transmission 
is  debatable,  but  no  well-formed  conclusions  seem  possible 
except  as  a  result  of  practical  comparative  experience.  Their 
use  on  present  high-voltage  steel  tower  lines  is  nearly  universal, 
remarkably  so  in  view  of  the  meagre  and  inconclusive  character 
of  the  data  as  to  the  benefits  derived.  At  220  kv.,  with  the 
high  insulation  provided  and  in  view  of  the  diminishing  import- 
ance which,  with  increasing  line  voltage,  it  is  believed  can  be 
attached  to  induced  lighting  disturbances,  it  is  wholly  con- 
ceivable that  the  protection  afforded  may  be  found  to  be  of 
disproportionately  small  value.  The  cost  of  using  ground 
wires  is  undoubtedly  a  large  item,  particularly  in  view  of  the 
extremely  heavy  design  loadings  assumed  and  the  consequent 
tower  stresses  which  they  occasion. 

In  view,  however,  of  the  great  importance  of  220-kv.  service, 
it  has  been  deemed  conservative,  until  further  experience  is 
obtainable,  to  make  provision  for  the  use  of  ground  wires. 
The  plan  of  installation  would  be  to  omit  ground  wires  from  a 
considerable  portion  of  one  line,  in  districts  where  lightning 
conditions  were  severe,  while  ground  wires  would  be  used  on  a 
parallel  line.  Comparative  performance  data  would  be  a 
guide  to  subsequent  procedure. 

Types  of  Insulators  Available.  There  is  no  type  of  insulator 
as  yet  developed  which  has  thus  far  demonstrated  its  ability  to 
give  adequate,  or  even  reasonably  satisfactory  results  on  high- 
voltage  lines.  This  condition,  however,  applies  nearly  as 
much  to  the  high  voltages  in  current  use,  110  kv.  to  150  kv.,  as 
it  does  to  220  kv.  It  does  not  in  any  way  affect  the  feasibility 
of  220-kv.  transmission.  It  is  confidently  believed  that  220-kv. 
line  insulation  can,  with  existing  types  of  insulators,  be  made  as 
safe  and  dependable  as  can  the  line  insulation  of  present 
installations.  In  fact,  where  foresight  in  design  and  careful 
maintenance  are  employed,  the  present  unsatisfactory  in- 
sulator situation  makes  its  effects  evident  far  less  in  impair- 
ment of  service  reliability  than  in  the  high  first  cost,  direct 
and  indirect,  of  precautions  against  insulator  failure  and  in 
high  maintenance  expense  and  operating  inconvenience.  The 
economic  value  of  220-kv.  service  is  so  high  that  greater 
expense  and  attention  than  at  lower  voltages  are  warranted 
iQ  measures  to  guard  service. 
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The  probable  advent  in  the  near  future  of  such  voltages  as 
220  kv.  should  serve,  nevertheless,  to  emphasize  the  economic 
necessity  of  developing  line  insulators  to  a  point  consistent 
with  the  other  elements  of  the  electric  power  generation  and 
transmission  situation.  The  baneful  effects  of  the  insulator 
situation  are  evident  not  merely  in  the  expense  and  trouble 
occasioned,  but  in  a  certain  degree  of  popular  suspicion,  in 
essentials  unwarranted,  of  the  general  idea  of  high-voltage 
transmission. 

It  is  believed,  as  has  just  been  noted,  that  practicable  220-kv. 
insulators  can  be  obtained  from  present  established  types. 
There  are  commercially  available  three  such  types,  all  based 
upon  the  principle  of  a  series  string  of  disks,  in  practise  of 
about  10-inch  diameter,  i.  e.,  the  standard  cemented  cap  and 
pin  type,  the  Hewlett  type  and  the  newer  Jeff  rey-Dewitt  type. 
Numerous  other  designs  for  high-voltage  insulators  have  been 
suggested,  some  of  the  series  unit  type  and  some  in  one  piece. 
Certain  of  these  designs  appear  to  offer  real  promise,  but  none 
of  them  have  been  developed  to  the  stage  of  commercial  pro- 
duction, or  even  to  a  point  where  their  service  performance 
can  be  predicted. 

The  following  studies  and  220-kv.  line  designs  have  been 
based  upon  the  standard  10-inch  cemented  cap  and  pin  type 
units.  This  implies  no  disparagement  of  the  other  types 
mentioned;  in  fact,  these  appear  in  some  respects  to  offer 
significant  advantages.  The  standard  type  has  been  taken  as 
a  basis  of  study  because  it  has  been  used  by  far  the  most 
extensively  and  for  long  periods,  and,  therefore,  more  data  are 
available  in  regard  to  its  characteristics.  Any  general  designs 
of  towers  and  fittings  developed  for  these  units  could  equally 
well  be  used  for  the  other  types.  The  studies  which  follow,  in 
conjunction  with  the  general  record  of  experience  and  investi- 
gation, indicate  that  there  are  certain  characteristics,  largely 
inherent,  of  these  standard  disk  insulators  which  render  them 
far  from  ideal  for  service  at  extra  high  voltage  with  heavy 
conductors.  In  certain  respects  this  would  be  true  of  any 
insulator  built  up  of  a  large  number  of  disks.  It  is  hoped  that 
manufacturers  will  soon  be  able  to  develop  an  insulator,  which 
will  be  mo^^e  suitable  for  extra  high-voltage  use  and  will  offer 
assurance  of  greater  strength  and  permanence,  both  electri- 
cally and  mechanically. 

Electrical  Characteristics  of  Disk  Insulators.    The  designs 
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suggested  make  provision  for  a  string  of  15  standard  units  for 
regular  suspension  service  on  a  220-kv.  grounded  neutral  line. 
This  relatively  large  number  of  units  affords  a  considerable 
margin  for  deterioration  and,  with  proper  care  in  maintenance, 
should  assure  a  degree  of  reliability  in  service  commensurate 
with  the  economic  importance  of  220-kv.  service. 

It  should  be  noted  that  a  string  of  15  standard  units,  with 
the  necessary  connecting  pieces  and  fittings,  will  be  nearly 
nine  feet  long.  Such  a  length  of  insulator  obviously  involves 
great  expense  in  obtaining  the  necessary  tower  clearances  and 
heights,  and  it  is  also  the  determining  feature  in  fixing  conductor 
separation.  This  serves  again  to  call  attention  to  the  need  of 
more  efficient  and  suitable  insulators.  An  improvement  in 
insulator  design  which  would  justify  shortening  the  string,  in 
addition  to  improving  the  electrical  characteristics  of  the  insu- 
lator itself,  would  enable  material  saving  in  tower  costs.  A 
wholly  new  insulator,  having  no  greater  length  than  necessary 
to  insure  requisite  air  clearances  from  conductor  to  support, 
say  four  or  five  feet,  would  enable  a  correspondingly  greater 
and  a  very  significant  saving  in  tower  costs.  Such  an  insulator 
at  moderate  price  might  readily  open  the  door  to  a  variety  of 
new  types  and  arrangements  of  supporting  structures. 

The  primary  electrical  characteristics  are  those  of  arc-over 
and  pimcture.  It  is  essential  to  reliable  service  that  units  be 
employed  with  the  largest  obtainable  ratio  of  puncture  voltage 
to  arc-over  voltage.  The  particular  importance  of  this  high 
ratio  for  220  kv.  will  be  evident  in  the  light  of  certain  data 
which  will  be  presented  later  in  regard  to  concentrations  of 
electrical  stress  upon  individual  units  of  the  string. 

The  60-cycle  arc-over  characteristics  of  long  strings  of 
standard  disk  insulators  are  shown  in  Fig.  9,  which  gives 
curves  of  arc-over  voltage  for  wet  and  dry  conditions.  These 
curves  are  based  upon  published  test  data  for  shorter  strings, 
extended  mainly  on  a  theoretical  basis  with  the  assistance  of 
such  fragmentary  test  data  as  have  been  available.*  It  is 
pertinent,  and  of  great  interest,  to  note  that  the  dry  arc-over 
curve  flattens  out  as  the  number  of  units  in  the  string  increases, 
approaching  a  condition  where  increasing  the  number  of 
disks  adds  practically  nothing  to  the  dry  arc-over  voltage, 
while  on  the  other  hand  the  wet  arc-over  curve  follows  nearly 

•Peek,  A.  I.  E.  E.  Trans.  1912,  Vol.  XXXI,  p.  907,— "Electrical 
Characteristics  of  the  Suspension  Insulator." 
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a  straight  line  characteristic  and  for  long  strings  reaches  higher 
values  than  the  dry  arc-over  curve.  These  characteristics,  as 
is  well  understood,  are  due  in  the  case  of  dry  arc-over,  to  the 
action  of  the  charging  current  on  the  system  of  distributed 
series  and  shunt  capacities  which  the  insulator  string  con- 
stitutes, the  resultant  effect  being  a  concentration  of  potential 
on  certain  units  of  the  string.  In  the  case  of  wet  arc-over,  the 
effect  of  the  charging  current  is  lost  in  the  greater  effect  of  the 
large  leakage  current. 

The  dry  arc-over  characteristic  thus  appears  to  constitute 
the  controlling  feature  of  insulator  design,  in  so  far  at  least  as 
60-cycle  characteristics  are  determining.  The  fact  that  an 
insulator  has  a  higher  arc-over  value  under  rain  conditions  is 
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of  no  advantage,  since  this  condition  obtains  for  but  a  small 
fraction  of  the  time,  and  in  particular  since  heavy  lightning 
discharges,  with  possibility  of  resultant  normal  frequency 
surges  on  the  line,  are  more  likely  to  occur  just  before  a  rain 
storm  than  during  it. 

The  distribution  of  voltage  stress  over  the  units  of  a  string 
of  fifteen  standard  10-inch  disks  and  the  concentration  of  stress 
on  certain  units,  notably  those  nearest  the  conductor,  is  shown 
by  curve  A  in  Fig.  10,  which  is  based  in  the  main  upon  published 
test  data.*  At  a  line  voltage  of  220  kv.,  (127  kv.  to  ground), 
this  concentration  reaches  a  degree  which  not  only  interferes 
seriously  with  the  efficient  and  economic  use  of  the  insulator 
units,  but  which  brings  the  stress  on  the  unit  next  to  the  con- 
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ductor  to  a  point  higher  with  respect  to  its  strength  than  the 
standards  of  practise  set  for  220-kv.  service  make  demrable. 
Two  methods  are  recognized  as  offering  reUef  from  this  ex- 
ces^ve  concentration.  The  first  is  the  grading  of  the  insulator 
units  used  in  the  string.  This  would  be  accomplished  by  mak- 
ing up  the  string  of  units  of  two  or  more  distinct  types,  differing 
in  size  or  diameter  or  in  some  other  feature  which  would  cause 
them  to  have  different  condenser  capacities,  those  with  the 
larger  capacities  being  placed  nearest  to  the  conductor.     The 
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results  of  one  form  of  such  grading  are  shown  in  curve  B,  Fig. 
10  which  is  based  upon  published  test  data.*  It  is  evident 
that  by  such  grading  considerable  and,  for  ordinary  purposes, 
ample  improvement  in  voltage  distribution  can  be  effected. 
IVom  a  practical  standpoint,  this  expedient  involves  a  certain 
amount  of  complication  and  expense  in  construction  and  of 
expense  and  inconvenience  in  operation  due  to  the  necesaty 
of  maintaining  stocks  of  each  of  the  different  types  of  units 

•A.  I.  E.  B.   1916  TttANB-  Vol.  XXXI,  Part  I,  p.745,  R.  H.  Marvin, 
"A  New  Method  ofOmding  Suspension  Insulators." 
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and  of  insuring  their  proper  use  in  maintenance  replacements. 
This  disadvantage,  while  of  some  consequence,  cannot  be  re- 
garded as  prohibitive  in  view  of  the  benefits  which  might  be 
expected  to  accrue. 

A  second  method  of  relieving  this  excessive  concentration  of 
stress  consists  in  installing  below  or  around  the  disk  nearest 
the  conductor  suitably  designed  metallic  shields  or  rings. 
The  effect  of  such  shields  in  improving  the  stress  gradient  may 
be  even  more  marked  than  that  of  grading  the  insulator  units. 
The  stress  distribution  obtainable  by  this  method  has  been 
predicted  in  curve  C  of  Fig.  10,  the  values  for  which  have  been 
assumed  from  the  fragmentary  test  data  at  hand.  The  use  of 
such  shields  or  rings  at  the  lower  end  of  the  insulator  string 
would  obviously  tend  in  itself  to  increase  the  requirements  for 
tower  clearances,  but  the  shortening  of  the  insulator  string, 
which  a  successful  application  of  this  expedient  would  justify, 
might  presumably  compensate. 

In  general  either  grading  or  shielding  or  a  combination  of 
the  two  appears  to  be  feasible.  Neither  would  appear  to  re- 
quire any  very  elaborate  investigations  and  tests  to  determine 
effective  designs  free  from  possibility  of  secondary  complica- 
tions of  any  moment.  The  conditions  with  the  15-unit  string 
of  standard  units  are  so  unsatisfactory  that  probably  some  al- 
leviating measiires  should  be  adopted.  Of  the  two  described, 
probably  grading  could  be  developed  to  a  point  ready  for 
actual  use  most  quickly  and  with  least  experimental  investi- 
gation. It  is  wholly  possible  that  a  considerable  grading  effect 
might  be  worked  out  through  selection  from  present  commercial 
types  of  disks. 

A  feature  of  the  insulator  situation  which  complicates  the 
question  of  voltage  stress  distribution  and  which  will  have 
some  effect  upon  methods  of  carrying  out  remedial  measures 
is  the  fact  that  in  order  to  obtain  adequate  mechanical  strength, 
as  will  be  discussed  later,  two  or  three  strings  of  standard  disks 
must  be  used  in  parallel  at  suspension  points,  and  proportion- 
ately more  at  tension  points.  So  far  as  is  known,  no  investiga- 
tion has  been  made  of  the  effect  of  parallel  strings  upon  poten- 
tial gradient. 

The  belief  is  widely  entertained  that  arcing  horns  or  rings  or 
other  discharge  devices  are  of  sufficient  benefit  to  warrant  their 
use.  They  would  fulfill  several  functions,  the  first  and  primary 
function  being  to  protect  the  insulator  from  the  destructive 
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heat  of  an  arc.  This  function  assumes  particular  importance 
on  a  large  capacity,  dead-grounded  neutral  system.  For  this 
purpose  the  devices  should  be  so  shaped  and  placed  as  to  hold 
the  arc  securely  away  from  the  insulator  string.  Other  func- 
tions are  protection  of  the  conductor  from  the  possible  burning 
by  a  high-power  arc,  and  reduction  of  the  likelihood  of  insulator 
punctiu^.  It  may  be  possible  to  combine  in  one  device  in  some 
effective  and  economical  manner  the  functions  of  a  discharge 
horn  or  ring  and  of  an  electrostatic  insulator  shield. 

The  foregoing  discussion  of  electrical  stresses  on  insulators 
refers,  as  will  be  noted,  to  such  stresses  as  may  be  produced  at 
the  normal  line  frequency  of  60  cycles.  Under  conditions  of 
high-frequency  oscillations  and  of  steep  wave  front  phenomena 
generally,  the  insulator  voltage  stress  characteristics  will  be 
quite  different.  In  particular,  the  high-frequency  voltage 
stress  distribution  over  an  insulator  string  is  understood  to 
follow  approximately  a  straight  line  characteristic.  The  im- 
portance to  be  ascribed  to  high-frequency  phenomena  as  a 
disturbing  factor  in  220-kv.  operation  is  a  problem  of  a  highly 
speculative  character.  Such  evidence,  however,  as  is  available, 
and  the  trend  of  theoretical  opinion,  tend  toward  the  conclu- 
sion that  high-frequency  becomes  of  diminishing  relative  sig- 
nificance as  the  line  voltage  is  increased,  particularly  when  ^ 
transformer  neutrals  are  dead  grounded.  The  suggestion  has 
been  offered  that,  with  a  line  operating  near  the  corona  limit, 
high-voltage  surges  at  high  frequency,  representing  usually 
small  amounts  of  energy,  tend  to  dissipate  themselves  in  corona, 
corona  dissipation  of  energy  being  more  rapid  at  high  frequen- 
cies. In  any  event  it  is  believed  improbable  that  a  line  suffi- 
ciently well-insulated  to  withstand  low-frequency  high-power 
disturbances  is  likely  to  encounter  trouble  from  high-frequency 
disturbances. 

Mechanical  Characteristics  of  Disk  Insulators,  The  wide- 
spread dissatisfaction  with  the  present  insulator  situation  is 
believed  to  have  arisen  largely  on  mechanical  grounds. 

A  very  disturbing  feature  is  the  much  discussed  insulator 
deterioration.  The  progressive  failure,  after  a  relatively  short 
period  of  years  in  service,  of  the  cemented  type  disk  insulator 
is  well  recognized  and  has  been  almost  universally  experienced. 
Existing  high-voltage  lines  are  facing  the  prospect  of  continuous 
and  difficult  tests  and  expensive  maintenance,  both  attended 
by  interference  with  operation.    Whether  the  causes  be  also 
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electrical,  chemical  or  ceramic,  the  results  are  unquestionably 
serious.  In  this  resx)ect,  however,  the  difficulties  at  220-kv. 
would  differ  from  those  at  low  voltage  only  in  the  greater 
number  of  disks  involved. 

From  the  standpoint  of  deterioration,  the  non-cemented 
types  of  disk  insulator,  which  avoid  the  effects  of  dissimilar 
expansion  of  the  component  materials,  seem  to  offer  and  to  be 
demonstrating  marked  advantages. 

The  working  stress  for  standard  cemented  cap  and  pin  type 
disks  permitted  by  conservative  practise  is  only  about  2500  lb. 
With  the  large  conductors  and  extremely  heavy  design  loadings 
required  for  220-kv.  service,  this  low  mechanical  strength 
immediately  presents  itself  as  an  embarrassingly  serious 
limitation.  The  designs  which  have  been  worked  out  in  this 
study  call  at  normal  suspension  points  for  two  strings  in  paraUel 
with  spans  up  to  700  ft.  and  for  three  strings  in  parallel  with 
spans  in  excess  of  700  ft.  The  complication  and  expense  of 
hardware  and  the  difficulties  involved  in  clearances  are  obvious, 
not  to  speak  of  the  direct  cost  of  the  insulators.  If  these 
insulators  were  to  be  used  at  dead-end  points,  tension  assem- 
blies of  at  least  six  strings  would  be  required,  at  the  uncon- 
servative  design  load  of  2900  lb.  per  string.  A  failure  in  one 
string,  by  unbalancing  the  load  distribution,  would  seriously 
jeopardize  the  whole  assembly. 

For  service  at  dead-end  points,  however,  the  unsuitability  of 
the  standard  disk  is  so  pronounced  that  it  is  considered  probable 
that  resort  would  be  made  at  once  to  an  entirely  different  type 
of  insulator. 

Considerable  promise  is  offered  by  a  relatively  new  type  of 
insulator,  a  wooden  rod  insulated  with  compound  and  enclosed 
in  a  suitably  petticoated  procelain  shell.  Any  desired  mechani- 
cal strength  can  readily  be  seciu-ed  in  an  insulator  of  this  type, 
so  that  the  full  dead-end  tension  would  be  carried  on  one  unit. 
Probably  two  units  would  be  used  in  series  to  obviate  an  exces- 
sively long  porcelain  tube.  Such  tension  insulators  are  in 
limited  use  on  120-kv.  and  150-kv.  lines.  They  are  a  new 
development,  however,  and  in  the  absence  of  long  service 
demonstration  there  naturally  arises  a  question  as  to  their 
electrical  permanence.  Experiments  with  somewhat  similar 
types  of  insulator  have  shown  unfavorable  results  in  the  way  of 
disintegration  of  the  wooden  rod  under  long  applied  high 
electrical  stress.    On  the  other  hand,  oil  insulated  wooden  rods 
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in  circuit  breakers  have,  with  few  exceptions,  been  found  to  be 
durable.  Possibly  some  other  material,  less  susceptible  than 
wood  to  disintegration,  might  be  employed  for  the  rod.  Any 
cracking  of  the  porcelain  shell  or  loosening  of  joints,  which 
would  permit  escape  of  the  insxilating  compound,  would  of 
course  result  in  failure  of  the  insulator.  In  the  light  of  present 
knowledge,  however,  the  lack  of  service  trial  appears  no  more 
serious  than  the  known  complication  of  huge  assemblies  of  the 
standard  type  of  disk  insulator. 

Simimarizing  the  situation  as  to  availability  of  present 
commercial  disk  insulators  for  220-kv.  service,  it  is  evident 
that,  in  addition  to  known  drawbacks,  there  exists  considerable 
question  as  to  fundamental  characteristics  which  must  to  some 
extent  be  removed  before  confidence  can  be  established  in 
assumptions  made  and  designs  based  upon  these  assumptions. 
Investigations  should  be  conducted,  with  possible  resultant 
developments,  as  to  at  least  three  features  of  the  applicability 
of  disk  insulators  to  220-kv.  service,  i.  e.: 

1.  Tests  to  confirm  or  establish  the  dry  and  wet  flashover 
characteristics,  and  accompanying  potential  gradients,  of 
strings  of  ten  to  fifteen  disk  units,  both  singly  and  with  several 
strings  in  parallel.  These  characteristics  should  be  investi- 
gated both  at  60  cycles  and  at  high  frequency; 

2.  Experiments  to  determine  how  grading  or  shielding  or 
both  can  most  effectively  be  applied  to  strings  of  present  types 
of  disks; 

3.  Continued  investigation  of  insulator  deterioration  prob- 
lem. 

It  is  to  be  hoped  that  those  concerned  with  the  design  and 
manufacture  of  insulators  will  be  inclined  to  undertake  investi- 
gations of  this  character.  Of  even  greater  ultimate  importance, 
of  course,  are  efforts  looking  to  the  development  of  a  new  type 
of  insulator,  more  efficient  electrically,  with  greater  strength 
mechanically  and  of  unquestionable  permanence. 

Clamps  and  Fittings,  Reliable  and  satisfactory  clamps  are 
now  on  the  market  for  composite  cables  of  somewhat  smaller 
sizes.  It  is  not  expected  that  any  significant  difficulty  will  be 
encoimtered  in  the  design  of  clamps  suitable  for  a  cable  of  the 
size  proposed.  The  clamps  will  presumably  be  of  generally 
similar  design  to  that  of  those  now  in  use  on  some  of  the  highest 
voltage  lines  in  the  country,  of  which  illustration  is  given  in 
Fig.  11. 
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In  the  design  of  all  cable  clamps  for  use  at  220  kv.,  especial 
care  would  be  required  in  avoiding  of  sharp  projections,  ridges 
or  points  which  might  afford  opportunity  for  formation  of 
corona  or  static  discharges.  Sleeve  protectors  should  be  used 
with  all  types  of  clamps.  At  the  ends  of  the  clamps,  bells  of 
sufficiently  large  radius  should  be  provided  to  avoid  any  chance 
of  conductor  crystallization  from  continued  vibration. 

In  the  case  of  suspension  clamps,  attention  should  be 
given  to  obtaining  long  smooth  clamping  surfaces,  and  any 
corruptions  should  be  of  large  radius.  The  clamp  should 
hold  the  cable  with  sufficient  strength  to  prevent  slipping  under 
normal  conditions,  and  in  case  of  conductor  breakage  slipping 
should  not  occur  except  at  the  tower  adjacent  to  the  break. 
With  the  great  length  of  the  suspension  insulator  string,  this 
requirement  should  not  be  difficult  to  meet. 

Semi-tension  clamps  will  have  an  important  field  of  use, 
since  it  is  the  aim  to  go  to  extremes  in  avoiding  points  where 
full  dead-end  tension  will  come  upon  insulators.  This  type  of 
clamp  will  accordingly  be  used  at  smaller  angle  and  stabilizing 
points.  It  should  hold  the  conductor,  under  all  conditions, 
with  no  appreciable  slipping,  a  requirement  which  may  involve 
separate  clamping  of  the  steel  core.  A  somewhat  similar  angle 
or  side  tension  clamp  will  be  needed  for  use  at  points  where  the 
line  makes  a  considerable  horizontal  angle. 

For  tension  clamps,  the  best  present  practise  is  to  provide 
for  separate  clamping  of  the  core,  as  illustrated  in  Fig.  11.  For 
large  cables  worked  to  their  elastic  limits,  as  required  for 
220-kv.  service,  this  method  of  clamping  will  be  essential. 

Equalizer  yokes  and  connectors  present  more  of  a  problem 
than  for  present  lines,  since,  as  noted  earlier,  even  at  suspension 
points  two  or  three  insulator  strings  in  parallel  would  be  used, 
while  if  disk  insulators  were  to  be  used  at  tension  points,  not 
less  than  six  parallel  strings  would  be  necessary.  Whether  the 
present  patterns  of  cast  yokes  are  satisfactory  for  such  heavy 
duty  service  is  questionable.  Pressed  steel  or  some  design 
built  up  of  structural  shapes  would  appear  preferable. 

Jumpers  at  dead-end  towers  will  obviously  be  long,  more 
than  20  ft.,  and  probably  some  form  of  jumper  guide  or  anchor 
will  be  necessary.  This  has  been  satisfactorily  accomplished 
in  existing  lines  by  means  of  auxiliary  weights,  auxiliary 
insulator  strings  or  rigid  guides  of  structural  steel  attached  to 
the  yokes. 
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Fig.  11 — Conductor  Clamps  [silver] 

Examples  of  Prevailing  Practise 

Xos.  1,  2  and  3 Suitable  Type  for  Suspension 

Nos.  3  and  4.    Suitable  Types  for  Semi-Tension 

No.  5 Suitable  Type  for  Tension 
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Transmission  Towers.  Before  proceeding  to  discussion  of 
the  problems  of  tower  types  and  designs,  it  may  be  noted  that 
for  present  purposes  consideration  has  been  confined  to  single 
circuit  lines,  primarily  for  the  reason  that  at  the  start  a  220-kv. 
system  would  be  developed  gradually,  one  or  two  circuits  at  a 
time,  probably  to  a  considerable  extent  over  different  rights- 
of-way.  When,  however,  220-kv.  becomes  established  and 
conditions  call  for  three  or  more  parallel  lines,  or  when  networks 
have  been  established  such  that  absolutely  continuous  service 
of  any  one  line  becomes  relatively  somewhat  less  important, 
then  the  question  of  using  double-circuit  structures  will  deserve 
careful  investigation.  The  advantages  will  consist  in  a  con- 
siderable saving  in  tower  cost  and  some  saving  in  right-of-way, 
against  which  would  lie  the  relatively  minor  chance  of  failure  of 
a  structure  from  extraordinary  causes  involving  two  circuits 
instead  of  one. 

The  design  of  two  circuit  220-kv.  structures  would  open  inter- 
esting possibilities.  The  large  conductor  separation,  about' 
20  ft.,  employed  in  the  accompanying  designs,  adopted  largely 
as  a  result  of  the  long  insulator  strings  used,  would  severely 
handicap  the  conventional  type  of  double  circuit  tower, — ^three 
conductors  in  a  generally  vertical  plane  on  each  side  of  the 
tower, — owing  to  the  great  height  and  great  weight  of  steel 
required.  A  shorter  insulator  would  tend  to  reduce  this 
handicap.  There  are  other  feasible  types  of  double-circuit 
tower  for  220-kv.  service,  in  some  respects  more  promising,  in 
particular  a  tower  with  three  legs  transverse  to  the  line  carrying 
all  six  conductors  in  a  horizontal  plane.  This  type  makes  the 
high  transverse  strength  easy  to  obtain,  and  suggests  the 
possibility  of  building  two  legs  to  carry  one  circuit  initially  and 
adding  the  third  leg  and  the  second  circuit  later.  The  design 
of  a  double-circuit  tower  would,  of  course,  be  determined 
primarily  by  economy  of  steel.  A  discussion  of  structures  for 
multiple  circuit  lines  is,  however,  beyond  the  scope  of  the 
present  study. 

The  choice  of  structure  material,  whether  wood,  or  steel,  is 
primarily  one  of  total  economy,  considering  first  cost,  deprecia- 
tion and  maintenance.  The  long  economic  life  which  pre- 
sumably a  220-kv.  line  would  represent,  causes  durability  of 
material  to  assume  even  greater  importance  than  in  present 
practise,  so  that  for  most  localities,  wood  construction  would 
not  be  economical,  even  assuming  that  the  requisite  strength 
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for  the  heavy  loads  could  be  secured  without  resorting  to  unduly 
short  spans. 

As  to  type  of  structure  to  be  employed,  the  conventional 
rigid  tower  has  been  adopted  as  the  most  available  for  con- 
struction in  the  immediate  future.    The  rigid  tower  type  of  line 


Fia.  12— 220-KV.  Steel  TRANSMiaaioN  Tower — Clearance  Diaqram 
Ttpb  a  {StrsPENBiON) — For  Vertical  Angle  5  deq.  and  Horizontal 
Angle  0  deo.  to  2  deg.  (For  Design  Loading  and  Stresbbs  See  Tablx 

in,) 

Conditions  Causing  Ma:(ihuii  Swing  or  Insulatois  Taken  f< 


:  Detbrminihc  Town 


Position 

Sp.n 

Horitontal  A 

Bl» 

Wind 

,.. 

T... 

» 

660 

2  deg. 

81b. 
Bib. 

Oin. 
Oin. 

Od«g. 
Odeg, 

has  been  thoroughly  studied  and  tested  by  experience,  and 
when  properly  designed,  its  performance  record  has  been 
satisfactory,  at  least  with  the  smaller  conductors  and  lighter 
loadings  thus  far  used.  It  is  recognized,  of  course,  that  the 
very  great  stresses  existing  in  such  a  line  as  is  here  proposed 
tends  to  disturb  the  balance  of  con^derations  which  has  deter- 
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TABLE  III 

DESIGN  LOADING  AND  STRESSES 

Type  A  Towbr  (Suspension) 

Vertical  Angle  5  Dec.  and  Horizontal  Angle  0  Dbg.  to  2  Dbg. 

Conductor,  Aluminum  716.000  Cir.  Mil. — Stbbl  92.900  Cir.  Mil. 

Ground  Wire  5/8  in.  Stbbl  Strand  Suspension  Insulators 

Wind  8  lb.    Icb  1 14  in.  at  0  Dbg.  Pahr. 

(For  Type  A  Tower  Clbarancb  Diagram  See  Fig.  12) 


Span  (Normal  and  max.  allowable  with  maxi- 
mum angles) 

Height  of  cross  arm  above  ground 

Transvtrst  Loading 

Wind  on  tower. .  ."r 

Wind  on  3  conds.  with  IM  in.  ice  at  2.69  lb. 

per  ft 

Wind  on  2  gr.  wires  with  lyi  in  ice.  at  2.42 

lb.  per  ft 

Pun,  3  conds.  due  to  2  deg.  hor.  angle 

PuU,  2  gr.  wires  due  to  2  deg.  hor.  angle 

Total  load 

Test  load— 125  per  cent 


550  ft. 

700  ft. 

800  ft. 

1000  ft. 

47  ft. 

57  ft. 

63  ft. 

80  ft. 

750 

850 

1,000 

1.250 

4.400 

5.650 

•  6,440 

8.050 

2.650 

3,400 

3.860 

4.850 

1.800 

1.800 

1.800 

1,800 

1.200 

1.200 

1,200 

1.200 

10.800 

12.900 

14.300 

17.150 

13.500 

16.000 

18.000 

21.500 

Torsional  Loading 
It  is  assumed  that  one  conductor  is  broken  and  the  pull  of  the  conductor  in  the  adjoin- 
ing span  is  decreased  due  to  the  tendency  of  the  insulator  string  to  swmg  in  the 
direction  of  the  pull.  


Assumed  maximum  load. 
Test  load — 125  per  cent. 


Vertical  Loading  (At  each  conductor  and  ground 
wire  supx>ort) 

Weight  of  conductor  at  0.9  lb.  per  ft 

Weight  of  lyi  in.  ice  at  4.72  lb.  per  ft 

Due  to  5  deg.  vertical  angle 

Insulators  and  hardware 

Men 

Rei>air  tackle 


Total  load  at  one  support. 
Test  load— 125  per  cent. . 


8,000 

9.000 

10,000 

11.000 

10.000 

11.300 

12.500 

13.800 

500 

600 

750 

900 

2.600 

3.300 

3,800 

4.750 

1.600 

1.500 

1,500 

1,500 

400 

400 

400 

400 

200 

200 

200 

200 

800 

800 

800 

800 

6.000 

6.800 

7,450 

8.550 

7,500 

8.500 

9.300 

10,700 

Design  Stresses 

Above  test  loads  include  all  factors  of  safety  so  that  structural  steel  should  be  stressed 
as  follows: 

Working  load  max. 
Test  load  condition 


In  tension. 


30.000  lb.  per  sq.  in. 


24.000 


(iool\ 
30,000  -  I  lb. 


per  sq.  m. 


(  24.000  -  ?|i) 


Bolts  in  shear 25.000  lb.  per  sq.  in.  20.000 

Folts  in  bearing 50,000  lb.  per  sq.  in.  40,000 

Values   L/R  to  be  used  shall  be:      a.     For  main  members  not  greater  than  120 

b.  For  secondary  members  not  greater  than  200 

c.  For  redundant  members  not  greater  than  250 
Minimtun  thickness  of  metal  |  in.     All  material  to  be  galvanised. 

Test  loads  as  specified  for  transverse,  torsional  and  vertical  loading  to  be  applied  ttavshp 
•Ultf. 
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mined  the  present  rigid  tower  type  of  line  design,  and  further 
study,  in  conjunction  with  actual  experience  in  220-kv.  con- 
struction, may  later  indicate  that  greater  economy  is  obtainable 
with  a  different  type  of  construction.     For  immediate  purposes, 


r^nSjy  K  x-IV^M  JSi==^ 


Fia.  13 — 220-KV.  Steel  Transmission  Toweh— Clbaeancb  Diaorau — 
Typb  B  {Suspen810N)^For  Vertical  Angle  10  deo.  and  Uokizontal 
Angle  2  deo.  to  10    deu.  (For  Design  Loadinq    and   Stresses  Bee 


however,  it  has  been  deemed  that  a  conservative  attitude  should 
be  adopted  toward  innovations  not  specifically  called  for  by  the 
conditions  of  220-kv.  service. 
It  is  growing  practise  in  heavy  line  construction  to  provide  a 
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TABLE  IV 

DESIGN  LOADING  AND  STRESSES 

Typb  B  Tower  (Suspension) 

Vertical  Angle  10  Dbg.  and  Horizontal  Angle  2  Dec.  to  10  Dec. 

Conductor,  Aluminum  716,000  Cir.  Mils.  Steel  92.900  Cir.  Mils.  / 

Ground  Wire  */$  in.  Steel  Strand  Suspension  or  Semi-Tension  Insulators 

Wind  8  lb.    Ice  IK  in.  at  0  Dbg.  Fahr. 
(For  Type  B  Tower  Clearance  Diagram  See  Fig.  13) 


Span  (Normal) 

Span    (maximum   allowable   with   maximum 

angles) 

Height  of  cross  arm  above  ground 

Transverse  Loading 

Wind  on  tower 

Wind  on  3  conds.  with  l>j  in.  ice  at  2.69  lb. 

per  ft 

Wind  on  2  gr.  wires  with  1  yi  in.  ice  at  2 .  42  lb. 

per  ft 

PtiU  3  conds.  due  to  10  deg.  horizontal  angle. . 
Pull  2  gr.  wires  due  to  10  deg.  horizontal  angle. 

Total  load 

Test  load — 135  per  cent 


550  ft. 

700  ft. 

800  ft. 

1000  ft. 

700  ft. 
47  ft. 

900  ft. 

57  ft. 

1000  ft. 
63  ft. 

1200  ft. 
80  ft. 

850 

1,000 

1,250 

1,500 

5.600 

7,250 

8,050 

9,700 

3.350 
9.000 
6.000 

4.350 
9.000 
6.000 

4,850 
9.000 
6.000 

5.800 
9.000 
6.000 

24.800 
33.500 

27.600 
37,300 

29.150 
39.400 

32.000 
43.200 

Torsional  Loading 

It  is  assumed  that  two  conductors  are  broken  and  that  the  pull  of  the  conductors  in 
the  adjoining  span  causes  unbalanced  loading  in  the  tower. 


Load  at  any  one  conductor  or  ground  wire 

support 

Test  load — 135  per  cent 

Vertical  Loading  (At  each  conductor  and  ground 
wire  support) 

Weight  of  conductor  at  0.9  lb.  per  ft 

Weight  of  IM  in.  ice  at  4.72  lb.  per  ft 

Due  to  10  deg.  vertical  angle 

Insulators  and  hardware 

Men 

Repair  tackle 


Total  load  at  one  support. 
Test  load — 135  per  cent. . . 


17,300 

17.300 

17,300 

17,300 

23,400 

23.400 

23,400 

23,400 

600 

850 

900 

1,100 

3.300 

4.250 

4,700 

5,700 

3.000 

3.000 

3,000 

3,000 

400 

400 

400 

400 

200 

200 

200 

200 

800 

800 

800 

800 

8.300 

9.500 

10,000 

11.200 

11.200 

12.800 

13,500 

15,100 

Design  Stresses  (Same  for  Towers  Types  C.  D.  and  E.     Tables  V,  VI  and  VII) 

Above  test  loads  include  all  factors  of  safety  so  that  structural  steel  should  be  stressed 
as  follows: 

Working  load  max. 
Test  loads  condition 


In  tension 

In  compression. 


30,000  lbs.  per  sq.  in. 
100  L 


22.000 


(  30.000  -  Jt22JL  j  lbs.  persq.  in.     |  22.000  -  ^—  \ 


Bolts  in  shear. . . 
Bolts  in  beariog. 


25.000  lbs.  per  sq.  in. 
50,000 


18.500 
37.000 


Values  of  L/R  to  be  used  shall  be:     a.     For  main  members  not  greater  than  120 

b.  For  secondary  members  not  greater  than  200 

c.  For  redundant  members  not  greater  than  250 
Minimum  thickness  of  metal  Vs  in.     All  material  to  be  galvanized. 

Test  loads  as  specified  for  transverse,  torsional  and  vertical  loading  to  be  applied  sepa- 
rately. 


1076 


SILVER:  POWER  TRANSMISStOlf 


[June  37 


aeries  of  standard  towers  of  different  strengths,  adapted  to  safe 
and  economical  use  under  varying  conditions  of  span  lengths 
and  angles.  The  extremely  heavy  loading  basis  assumed  for 
a  220'kv.  line  makes  it  feasible,  and  desirable  from  the  stand- 
point of  economy  of  steel,  to  carry  this  differentiation  to  a 
greater  extent  than  has  been  customary  heretofore.  The  tower 
deagn  studies  which  follow  are  based  upon  a  series  of  five 


Fig.  14 — 220-KV.  Steel  Taansuibsion  Toweb — Cleabancx  Dia- 
QRMd — Type  C  (Side  Tenbiok) — Foil  Vertical  Angle  15  deq.  and 
Horizontal  Angle  10  dec.  to  25  dbg.  (For  Debiqn  Loading  and 

Stkesbes  See  Table  V) 

CoKDiTiOHS  Causing  Maxtmuh  Swing  of  Insllaior^  Takbn  fok  E 


Dim 

ENS 

ONS 

Poiition 

Sps.i 

" 

Co"n™Sctoi; 

glo 

w„ 

Ic* 

T«»p.  " 

• 

550 
1000 

10  deg. 

Bib. 

Oln. 

Odw. 

standard  types  of  tower  for  use  under  the  varying  conditions 
presented  by  a  220-kv.  line  over  a  rolling  terrain. 

The  determination  of  economic  balance  between  height  and 
weight  of  towers  and  normal  length  of  span  is  an  interesting 
and  a  fundamentally  important  problem.  Studies  of  tower 
designs  and  of  this  economic  balance  for  four  different  normal 
span  lengths  are  shown  in  some  detail  in  f^gs.  12, 13, 14, 15  an  d 


1919] 


SILVER:  POWER  TRANSMISSION 


1077 


16,  with  accompanying  data  in  Tables  III,  IV,  V,  VI  and  VII. 
The  procedure  followed  in  carrying  out  this  study  of  economic 
span  length  will  be  described  briefly.    As  a  basis  of  study  a 

TABLE  V 
DESIGN  LOADING  AND  STRESSES 
Typb  C  Tower  (Side  Tension) 
Vertical  Angle  15  Deg.  and  Horizontal  Angle  10  Deg  to  25  Deg. 
Conductor.  ALUMimnc  716,000  Cir.  Mil. — Steel  92.900  Cut.  Mil. 
Ground  Wire  '/g  in.  Steel  Strand 
Suspension  or  Semi-Tension  Insulators 
Wind  8  lb. — Ice  IK  in.  at  0  Deg.  Pahr. 
(For  Type  C  Tower  Clearance  Diagram  See  Pig.  14) 


Span  (Normal) 

Span  (max.  allowable  with  maximum  angles) 
Height  of  crossann  above  grotmd 


Trans9ers€  Loading 

Wind  on  tower 

Wind  on  3-conds.  with  lyi  in.  ice  at  2.69  lb. 

per  ft 

Wind  on  2-gTound  wires  with  \yi  in.  ice  at 

2.42  lb.  per  ft. 

Pull,  3  conductors  due  to  25  deg.  horizontal 

angle 

Pull,  2  groimd  wires  due  to  25  deg.  horizontal 

ang^ 


550  ft. 

900  ft. 

47  ft. 


1,200 

7.250 

4,350 

22.500 

14,500 


Total  load 49,800 

Test  load,  135  per  cent 67,200 


700  ft. 

800  ft. 

1100  ft. 

1200  ft. 

57  ft. 

63  ft. 

1.400 

1.500 

8.875 

9,700 

5,325 

5.800 

22.500 

22.500 

14,500 

14.500 

52,600 

54.000 

71,000 

72.900 

1000  ft. 

1400  ft. 

80  ft. 


1.750 
11.300 

6.750 

22.500 

14.500 

56.800 
76.700 


Torsional  Loading 

It  is  assumed  that  two  conductors  and  one  ground  wire  are  broken  and  that  the  pull 
of  the  unbroken  conductor  and  ground  wire  in  the  adjoining  span  causes  unbalanced 
loading  on  the  tower. 


Load  at  any  one  conductor  support 

Test  load — 135  per  cent 

Load  at  any  one  ground  wire  support 

Test  load — 135  per  cent 

Vtrtical  Loading  {at  each  Conductor  and  Ground 
Wire  Support) 

Weight  of  cond.  at  0.9  lb.  per  ft 

Weight  of  IK  in.  ice  at  4.72  lb.  per  ft 

Due  to  15  deg.  vertical  angle 

Instdator  and  hardware , 

Men , 

Repair  tackle 


Total  load  at  one  support. 
Test  load — 135  per  cent. . 


17.300 

17,300 

17.300 

17,300 

23.400 

23,400 

23.400 

23.400 

16.000 

16,000 

16.000 

16.000 

21.600 

21.600 

21,600 

21.600 

810 

990 

1,080 

1.260 

4,250 

5.200 

5.670 

6.600 

4,500 

4.500 

4,500 

4.500 

1.200 

1,200 

1.200 

1.200 

400 

400 

400 

400 

1.200 

1.200 

1.200 

1.200 

12.360 

13.490 

14.050 

15,160 

16.700 

18.200 

18.900 

20.500 

Design  Stresses  (Same  as  for  Type  B  Tower,  See  Table  4) 


typical  section  of  profile,  as  shown  in  Fig.  17,  (a  section  23 . 3 
miles  long  from  an  actual  surveyed  route),  was  selected  as  a 
fair  example  of  average  220  kv.  line  location  in  rolling  country, 
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and  the  economic  study  was  based  upon  this  profile.  For  each 
of  four  normal  span  lengths;  i.  e.,  550  ft.,  700  ft,,  800  ft.  and 
1000  ft.,  four  actual  approximate  line  deigns,  baaed  each  upon 


FiQ.  15— 22&-KV.   Steel  Transmission   Tower — Clearance    Dia- 
OHAM— Type   D    (Side  Tension   and  Anchor)— Vertical  Anolk  25 

DEO. HOHIZOSTAL  ANOLE  (SiDE  TbNSION)  2j  DEO.  TO  60  DBG,   (AnCBOR) 

60  DEO.  TO  90  DBQ.  (For  Dbsiu.v  Loadino  and  Stubssbb  See  Table  VI) 

COHDIIIOKS  CaUSIMC  MAXIMUM  SwiNG  or  iNSULATORt^  TAKEN  FOR  DbTUHHIKIHG  Towns 


Podtion 

Sp.- 

sss,s; 

Wmd 

i« 

T*mp. 

^ 

> 

■ 

650 

Mdeg. 

81b. 

Oin. 

Od«B. 

» 

1000 

2S  dee. 

a  lb. 

IM  in. 

32  dcR. 

its  own  set  of  specific  tower  locations,  was  carried  out,  and  the 
cost  of  each  line  was  estimated.  These  costs,  as  plotted  in  Fig. 
18,  show  maximum  economy  with  normal  spans  ofiSOO  ft.  with 
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TABLE  VI 
DESIGN  LOADING  AND  STRESSES 
Typb  D  Towbr  (Sidb  Tension  and  Anchor) 
Vertical  Angle  25  Dbg. 
Horizontal  Angle  (Side  Tension)  25  Dbg.  to  60Dbg.,  (Anchor)  60  Dbg.  to  90  Dbg. 
Conductor,  Aluminxac  716.000  Cir.  Mil. — Stebl  92.9(X)  Cir.  Mil. 
Ground  Wire  */%  in.  Stbel  Strand 
Suspension,  Sbmi-Tension  or  Tension  Insulators 
Wind  8  Lb. — Ice  IK  in.  at  0  Dbg.  Pahr. 
(For  Type  D  Tower  Clearance  Diagram  See  Pig.  15) 


Span  (Normal) 

Span    (maximum   allowable   with   maximum 

angles) 

Height  of  gross  arm  above  ground 

Transvtrsi  Loading 

Wind  on  tower 

Wind  on  3  conductors  with  IK  in.  ice  at  2.69 

lb.  i)cr  ft 

Wind  on  2  ground  wires  with  IKin  ice  at  2. 42 

lb.  per  ft 

Pull  3  conductors  due  to  90  deg.  horizontal 

angle 

Pull  2  gr.  wires  due  to  90  deg.  horizontal  angle. 

Total  load 

Test  load — 135  per  cent 

Longitudinal  Loading  (Line  terminal  tower) 

Pull  due  to  3  conductors 

Pull  due  to  2  ground  wires 

ToUl  load 

Teat  load — 135  per  cent 


550  ft. 

700  ft. 

800  ft. 

1000  ft 

■ 

1100  ft. 

1300  ft. 

1400ft. 

1600  ft. 

47  ft. 

57  ft. 

63  ft. 

80  ft. 

1.200 

1.400 

1.500 

1,750 

8.875 

10.500 

11.300 

12,900 

5.325 

6.300 

6.800 

7,750 

73.400 

73.400 

73.400 

73.400 

45,300 

45,300 

45.300 

45,300 

134.100 

136.900 

138,300 

141,100 

181.000 

184,800 

186.700 

190,500 

51.900 

51.900 

51.900 

5;,900 

32.000 

32,000 

32.000 

32.000 

83.900 

83.900 

83,900 

83.900 

113.300 

113.300 

113.300 

113.300 

Torsional  Loading 

It  is  assumed  that  two  conductors  and  two  ground  wires  are  broken  and  the  pull  of 
the  conductors  and  ground  wires  in  the  adjoining  span  causes  unbalanced  loading  in 
the  tower. 


Load  at  anyone  conductor  support 

Test  load — 135  per  cent  of  actual 

Load  at  any  one  ground  wire  support 

Test  load — 135  per  cent  of  actual 

Vertical  Loading  (At  each  conductor  and  ground 
wire  support) 

Weight  of  conductors  at  0.9  lb.  per  ft 

Weight  of  IK  in.  ice  at  4.72  lb.  per  ft 

Due  to  25  deg.  vertical  angle 

Insulators  and  hardware 

Men 

Repair  tackle 

Total  load  at  one  support 

Test  load — 135  per  cent  of  actual  load 


17,300 

17.300 

17,300 

17,300 

23.400 

23,400 

23.400 

23,400 

16.000 

16.000 

16.000 

16.000 

21.600 

21.600 

21,600 

21.600 

1.000 

1.200 

1.300 

1.450 

5.200 

6,150 

6.600 

7.550 

7.300 

7.300 

7.300 

7,300 

1.200 

1.200 

1.200 

1.200 

400 

400 

400 

400 

1.200 

1.200 

1.200 

1.200 

16.300 

17.450 

18.000 

19.100 

22.000 

23.600 

24.300 

25.800 

Design  Stresses  (Same  as  for  Type  B  Tower,  See 
Table  rV) 
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the  rigid  type  of  tower  assumed,  while  longer  spans  or  shorts 
spans  are  more  expeosive.  The  800  ft.  normal  span  waa 
selected  as  a  basis  for  fmther  studies. 

The  method  of  carrying  out  these  line  designs  involved,  first, 
determining  the  height  of  tower  corresponding  to  the  span 
length  selected.  To  determine  this  height,  a  ground  clearance 
of  25  ft.  under  design  loading  was  assumed  (correqwnding  with 
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Fig,  16— 220-kv.  Stbbl  Transmission  Tower— Clearancb  Dia- 
ORAU — Ttpe  E  (Anchor) — Vertical  Anole  0  deq.  to  15  dbo. 
HiiHizoNTAL  Angle  (Anchor)  0  beo.  to  60  deg.  (For  Desion  Load- 
ing   AND  STRE8SE8  See  Table  VII) 


an  800-ft.  span  to  about  35  ft.  at  60  deg.  fahr)  and  a  sag- 
clearance  template  developed  for  the  aluminum-steel  conductor 
used.  On  level  ground,  for  the  25  ft.  clearance,  this  template 
gave  the  standard  tower  heights  for  the  four  normal  span 
lengths  under  consideration  as  47  ft.,  57  ft.,  63  ft.  and  80  ft.  For 
each  height  of  tower,  the  five  standard  designs  were  developed 
in  outline  and,  with  the  sag-clearance  template,  tower  locations 
were  spotted  on  the  typical  profile  selected.  With  the  locations 
determined,  the  required  type  of  tower  was  selected  from  the 
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TABLE  VII 
DESIGN  LOADING  AND  STRESSES 
Type  B  Towbr  (Anchor) 
Vertical  Angus  0  Dbg.  to  15  Deg.  and  Horizontal  Angle  0  Dbg.  to  60  Dbg. 
Conductor  ALUMiNxnc  716,000  Cir.  Mil. — Steel  92.900  Cir.  Mil. 
Ground  Wire  '/g  in.  Steel  Strand 
Tension  Insulators 
Wind  8  Lb. — Ice  1M  in.  at  0  Dbg.  Pahr. 
(For  Type  E  Tower  Clearance  Diagram  See  Pig.  16) 


Span  (normal) 

Span   (maximum   allowable   with   maximum 

angles) 

Height  of  cross  arm  above  ground 

Transverst  Loading 

Wind  on  tower 

Wind  on  3  conds.  with  IK  in.  ice  at  2.69  lb. 

per  ft 

Wind  on  2  gr.  wires  with  IM  in  ice  at  2 . 42  lb. 

I>er  ft 

PuU — 3  conductors  due  to  60  deg.  horizontal 

angle 

Pull — 2  gr.  wires  due  to  60  deg.  horizontal 

angle 

Total  load 

Test  load — 135  per  cent 

Longitudinal  Loading  (Line  terminal  tower) 

Pull  due  to  3  conductors 

Pull  due  to  2  ground  wires 

Total  load 

Test  load — 135  per  cent 


550  ft. 

1000  ft. 
38  ft. 


850 

8,070 

4.830 

51.900 

32.000 


700  ft. 

1200  ft. 
48  ft. 


1,000 
9,700 


5.800 


51.900 
32.000 


97.650     100.400 


131.800 


51,900 

32.000 

83,900 

113.300 


135.500 


51.900 

32.900 

83.900 

113.300 


800  ft. 

1000  ft. 

1300  ft. 
54  ft. 

1500  ft. 
71ft. 

1.250 

1.500 

10.500 

12.100 

6.300 

7.300 

51.900 

51.900 

32,000 

32.000 

101,950 
137,600 

104.800 
141.500 

51.900 

32.000 

83.900 

113.300 

51.900 

32.000 

83.900 

113.000- 

Torsional  Loading 

It  is  assumed  that  two  conductors  and  two  ground  wires  are  broken  and  the  pull  of 
the  conductors  and  ground  wires  in  the  adjoining  span  causes  unbalanced  loading  in 
the  tower. 


Load  at  any  one  conductor  supi>ort . . 

Test  load — 135  pet  cent 

Load  at  any  one  ground  wire  support. 
Test  load — 135  pet  cent 


Vertical  Loading  (at  each  conductor  and  ground 
wire  support) 

Weight  of  conductors  at  0.9  lb.  per  ft 

Weight  of  lyi  in.  ice,  at  4.72  lb.  per  ft 

Due  to  15  deg. — vertical  angle 

Insulators  and  hardware 

Men 

Repair  tackle 


Total  load  at  one  support. 


17.300 

17.300 

17.300 

17.300 

23.400 

23.400 

23.400 

23.400 

16.000 

16.000 

16.000 

16.000 

21.600 

21.600 

21.600 

21.600 

900 

1.080 

1.170 

1.350 

4.700 

5.670 

6.130 

7.080 

4.500 

4.500 

4.500 

4.500 

1,200 

1.200 

1,200 

1,200 

400 

400 

400 

400 

1.200 

1,200 

1.200 

1,200 

12.900 

14.050 

14.600 

15.700 

17.400 

19.000 

19.700 

21.200 

Design  Sfrtssts  (Same  as  for  Type  B  Tower.  See  Table  IV.) 
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Ud 

B    \yuftn.       " 

1 

Used 

1    , 

mi     1 

1       6.810 

mi. 

1       5.350 

each 

1        1.100 

« 

1        0.172 

u 

1        0.086 

m 

1        0.042 

u 

1    712 

cwt. 

I      35.6 

ton 

1      35.6 

« 

1      

mi. 

1        5.35 

each 

I        1.16 

•1 

I        0.172 

« 

1        0.086 

M 

1        0.042 

« 

1       

mi. 

1        6.60 

twr. 

■        0.210 

M 

1 

each 

■ 

a 

1        0.085 

u 

■        0.085 

u 

I        0.042 

M 

1       

mi. 

1        6.81 

twr. 

I        6.81 

« 

1        6.81 

each 

1     ^ 

mi.    1 

1     1.152 

each 

1 

« 

1 

u 

1 

a 

H 

u 

H      42 

M 

9  ^^ 

U 

■  ^^ 

« 

B      51 

M 

9    140 

cwt. 

3        7.0 

ton 

Si'^^^ 

disc        1 

^.152 

u 

i-i 

K 

.«!    , 

-'* .        1 

mi.    1 

_» 

M          U 

1 

1. 

I 

• 

I 

mi.    1 

1 

«       u 

1          1 

rai.    1 

.   .:        6.08 

i 

twr. 

i 

1 

mi.    1 

Article 


Tsrpe  of  tower 

A vg.  ipan  on  typical  profile  (a) , 
Towers  typical  profile  (b) 


Towers  i>er  mile. 
Height  of  tower. 
Weight  of  tower. 


Cost  of  steel  per  lb.. . . 

*  tower 

Max.  allow,  hor.  angle. 


Max.  allow,  vert,  angle. . . 
Weight  of  towers  per  mile 


total. 


Article 


Tyi>e  of  tower. . . , 
Towers  per  mile. 
No.  insul.  strings. 
Total  number. . . 


Insulators  (c)  ... 
Susp.  clamps. . . . 
Semi-ten.  clamps. 


Tension  clamps 

Equalizer  yokes 

Ex.  H.  equal,  yoke. 


Links 

Clevis  Eyes. . 
Arcing  horns. 


Article 


yt  span 


"C 
'43 

•  4 


•  0.172 

-63 

•60 


•12 
'28 
•25 


36.: 


•15 
-^20 
1,180 


4/ 


3.: 


Mfle 


302 

1.7 
1.7 


34 
7 


•  34 

*  64 

^  14 


Type  of  tower 

Towers  per  mile ^ 

No.  insul.  strings 

Total  number 

MUe 

Insulators  (c) ^go 

Susp.  Clamps .  g 

Semi-ten.  clamps . '  g 

Tension  clamps 

Equalizer  yokes 32  4 

Ex.  H.  equal,  yoke «'  e 

Jti"^' 32.4 

Clevis  eyes ^.   g 

Arcing  horns « ' « 


Notes: — (♦)  Part  affected  by  span  only,     (a)  The  i^j^ ,    . .  A 

an  actual  profile  of  a  line  23  .S  mVLea  \tv  \«xi%  ^ 


1000-foot  span 

D 

B 

A 

B 

C 

D 

B 

'43 

743 

1,015 

1,060 

657 

657 

657 

2 

1 

88 

25 

4 

2 

1 

0.086 

0.042 

3.800 

1.080 

0.173 

0.085 

0.042 

63 

54 

80 

80 

80 

80 

71 

'00 

23,500 

12.810 

20.250 

29.810 

49.780 

34.120 

12 

12 

12 

12 

12 

12 

12 

105 

2.821 

1.536 

2.435 

3.572 

5.980 

4.095 

90 

60 

2 

10 

25 

90 

60 

25 

15 

5 

10 

15 

25 

15 

160 

990 

48.690 

21.880 

5.160 

4.236 

1.434 

•   •   >    ■ 

■   •   •   ■ 

.... 

.... 

81.300 

.... 

•   «  •  • 

. 

700-foot  span 


C 

0.216 

4 

per 


Tower 


204 


e     3 

12 

6 


12 
30 

8 


MUe 


44 


0.7 
2.6 
1.3 


2.6 
6.5 
1.7 


D 

0.086 

2X6 

per 


Tower 


612 


6 
60 
12 


60 
96 
24 


Mile 


55 


0.5 
5.1 
1.1 


5.1 
8.2 
2.0 


E 

0.086 

2X6 

per 


Tower 


612 


6 
60 
12 


60 
96 
24 


Mile 


53 


0.5 
5.2 

1.1 


5.2 
8.3 
2.1 


1000-foot  span 


Total 


1.040 

22 

2 


2 
86 
11 


47 

194 

59 


C 

0.173 

4 

per 


Tower 


204 


e     3 

12 

6 


12 

30 

8 


Mile 


36 


0.5 
2.1 
1.1 


2.1 
5.2 
1.4 


D 
0.085 
2X6 

per 


Tower 


612 


6 
60 
12 


60 
96 
24 


Mile 


53 


0.5 
5.1 
1.0 


5.1 
8.2 
2.0 


E 
0.042 
2X6 

per 


Tower 


612 


6 
60 
12 


60 
96 
24 


Mile 


26 


0.3 
2.5 
0.5 


2.5 
4.0 
1.0 


Total 


920 

13 

2 


2 
42 
32 


42 

161 

29 


;n,  shown  in  this  horizontal  row.  a  template  for  given  normal  span  was  applied  to 
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known  angles  and  s[»q  lengths  involved  at  each  tower  ate. 
The  results  of  this  study  are  given  in  Table  VIII,  showing  for 
each  normal  span  length  the  numbers  required  of  each  type 
of  tower  and  a  compaiison  of  line  costs,  exclusive  of  conductors 
and  ground  wires  for  which  the  costs  would  be  constant. 

It  is  believed  that  this  method  of  analysis,  t.  e.,  usdng  an 
actual  or  typical  profile,  affords  a  more  accurate  and  reliable 
baas  of  determining  economic  normal  span  lengths  and  tower 
heights  than  the  Edmpler  method  of  considering  only  straight 
lines  on  a  level  profile.  Fur- 
ther refinements  in  the  way  of 
studying  the  effect  of  using  a 
different  height  or  more  than 
one  height  for  the  heavier 
towers  might  be  attempted,  but 
it  is  questionable  whether  they 
would  be  warranted,  in  view  of 
the  many  uncertainties-  in- 
volved, particularly  in  field 
work.  It  will  be  noted  that 
this  study  of  economic  balance 
is  carried  out  on  the  basis  of 
the  high  prices  obt^ed  in 
early  1918.  A  lower  price  level 
would  have  some  effect  upon 
the  results,  as  would  a  different 
size  or  type  of  conductor  and  a 
different  type  of  insulator,  par- 
ticularly if  it  were  stronger  and 
shorter. 

In  the  tower  designs  study  has 
been  made  of  the  general  form, 
of  the  dimensions  of  the  main  members  and  of  approximate 
weights,  but  the  designs  have  not  been  carried  into  the  details. 
No  designs  have  been  prepared  of  tower  footings,  side  hill 
extensions,  etc.,  which  are  distinctly  contingent  upon  local  con- 
ditions and  which  have  no  direct  or  material  effect  upon  the 
general  line  designs.  Figs.  12  to  16  show  the  general  types 
of  towers  proposed,  with  details  as  to  dimensions,  and  as  to 
working  and  test  loads.  Estimated  weights  are  shown  in  Fig. 
19.  The  working  loads  were  computed  from  the  design  load- 
ngs  under  the  most  extreme  conditions  of  angles  and  span 
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lengdis  for  which  the  tower  is  to  be  used.  In  additirai  to  the 
main  margin  of  safety  provided  in  the  design  loading,  a  further 
margin  is  introduced  in  the  difference  i)etween  working  and  test 
loads,  t.  e.,  25  per  cent  for  suspension  towers  and  35  per  cent 
for  angle  and  dead-end  towera.  It  may  be  noted  that  a  still 
further  margin  of  safety  will  result  when  a  tower  is  employed 
in  a  location  imposing  less  than  its  maximum  designed  working 
load,  a  condition  which  will  obtain  for  the  major  percentage 
of  the  line. 

After  the  study  of  tower  locations  was  carried  out,  it  became 
evident  that  there  was  economic  justifications  for  a  mxth  type 
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13;  Type    B — See  Fig.  1.^:  Type  C— See  Pig.  14;  D — St*  F(c.  16; 


of  tower,  a  special  light  weight  type  to  be  used  primarily  on 
short  spans  in  tangents.  This  tower  is  illustrated  in  Fig.  20. 
An  economic  improvement  in  the  design  shown  for  this  light 
weight  type  might  be  effected  by  shortening  the  tower  to 
correspond  to  the  smaller  saga  obtaining  in  short  spans. 

It  is  believed  desirable  that  sample  towers  of  each  design 
should  be  subjected  to  thorough  experimental  tests  before 
quantity  production  is  started.  Tower  design  involves  ap- 
proximations, and  the  heavy  loads  and  consequent  great 
weights  of  220-kv.  towers  justify  more  than  usual  effort  to 
obtain  an  economically  conastent  design.  In  the  method  of 
making  such  teats,  more  elaborate  and  refined  methods  than 
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hitherto  employed  might  be  developed  to  idvantage.  It  is 
desirable  to  ascertain  not  only  the  point  and  manner  of  failure 
under  test,  but  also  the  simultaneous  stress  conditions  existing 
in  all  important  tower  members. 

Tower  foundations  will  be  largely  a  special  problem  for  each 
locality.    The  conditions  governing  present  practise  will  apply, 


Via.  20—220  KV.  Steel  Tranhmission  Towkh.s— Clear ancb  Dia- 
OBAM— Type  AA  (SuKnENsioN) — For  Vektu  al  Anhlk  5  dbo.  and 
HuitiEONTAL  Angle  0  deo. 
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the  only  new  considerations  being  the  unusually  heavy  loads 
involved  and  the  strong  emphasis  which  must  be  placed  upon 
dependability.  In  general,  for  most  soils,  earth  foundations 
would  probably  be  adequate  for  straight  suspension  towers, 
while  concrete  foundations  would  be  necessary  for  full  tension 
and  heavy  angle  towers  and  probably^for  semi-tension  and 
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light  angle  towers.    Where  concrete  foundations  are  used,  the 
tower  should  be  carefully  grounded. 

Protection  of  towers  from  deterioration  is  of  more  than 
ordinary  importance  owing  to  the  great  investment  represented 
by  a  220-kv.  line  and  the  long  economic  life  which  it  presumably 
will  possess.  Galvanizing  would  seem  essential  and  it  should 
be  heavy  and  carefully  applied.  Protection  of  joints  and  of 
steel  at  the  ground  line  will  call  for  every  feasible  precaution. 

Design  Features  of  220-kv.  Station  and  Substation 

Equipment 

While,  in  general,  the  character  and  arrangement  of  equip- 
ment at  generating  stations  and  substations  is  not  a  part  of 
the  primary  scope  of  this  paper,  there  are  certain  features  in 
connection  with  this  equipment  which  directly  concern  the 
feasibility  and  the  economic  and  general  advantages  of  trans- 
mitting power  at  this  high  voltage.  Brief  consideration  of 
these  features  is  essential  to  a  study  of  220-kv.  transmission. 

The  problems  of  interest,  new  or  assuming  particular  im- 
portance in  connection  with  equipment  for  a  220-kv.  system, 
are  of  two  types,  those  arising  directly  from  the  high  voltage 
per  se  and  those  resulting  from  the  relatively  enormous  capaci- 
ties and  amounts  of  power  involved  in  a  system  large  enough 
to  call  for  the  use  of  such  a  voltage.  The  handling  of  electrical 
potentials  of  220,000  volts  does  not  appear  to  involve  any  dis- 
turbing complications  or  uncertainties.  In  fact,  the  manu- 
facturers do  not  recognize  that  any  serious  problem  exists. 
Current  design  principles  and  materials  now  in  ordinary  use 
will  be  employed,  the  principal  difference  from  present  high 
voltage  equipment  being  the  greater  amounts  of  insulation  and 
the  larger  clearances  required.  The  step  to  220  kv.  is  relatively 
no  greater  than  that  previously  taken  from  66  kv.  to  110  kv., 
or  from  110  kv.  to  154  kv.  Certain  of  the  manufacturers  have 
already  developed  designs,  and  assert  readiness  to  undertake 
commercial  production  of  220-kv.  equipment  on  short  notice. 

The  problems  attendant  upon  the  huge  capacities  which 
use  of  220-kv.  transmission  makes  possible  and  feasible, — 
generating  stations  of  several  hundred  thousand  kilowatts, 
interconnected  systems  of  a  half  million  or  a  million  kilowatts, — 
are  distinctly  of  a  major  order.  From  the  purely  physical 
standpoint,  the  principal  problems  are  those  of  switching  and 
protection  from  short-circuit  stresses.     Both   of  these,  it  is 
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believed,  can  be  handled  satisfactorily.  The  more  general 
questions  of  simplicity  and  reliability  of  operation  and  of 
eflSciency  and  general  economy  attain  a  new  order  of  importance 
and  will  probably  lead  to  some  significant  departures  from 
present  practise  in  smaller  scale  systems. 

Design  for  such  large  capacities  and  high  voltage  centers 
around  one  cardinal  principle,  simplicity  and  intrinsic  strength 
of  equipment  rather  than  flexibility  and  external  protective  meas- 
ures. The  principal  equipment  units  represent  such  high 
values,  both  in  service  and  in  investment,  that  the  maximum 
of  continuous  service  should  be  obtained,  and  more  careful 
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Fio.  21 — Typical  Arrangement  Diagram — 220-kv.  System 


attention  and  large  expense  are  fully  justified  in  assuring  virtual 
elimination  of  failures  in  service.  The  accompanying  arrange- 
ment diagram  of  an  assumed  typical  system,  Fig.  21.  indi- 
cates the  extent  to  which  the  aim  of  simplicity  is  advocated 
in  reduction  of  bus  arrangements  to  a  simple  and  even  rudi- 
mentary form  and  in  elimination  of  superfluous  oil  switches. 
In  particular,  attention  may  be  called  to  the  fact  that  no  spare 
imits,  either  generators  or  transformers,  are  provided,  and  none 
are  contemplated.  The  investment  in  the  large  units  will  be 
so  large  that  outage  should  be  represented  only  by  the  irredu- 
cible minimum  of  apparatus  troubles  and  maintenance,  not  by 
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the  nearly  continuous  idleness  of  spare  equipment.  This  com- 
plete omission  of  reserve  units  of  major  apparatus  is  of  course 
predicated  upon  adequate  reserve  capacity  being  available  in 
local  generating  stations  near  the  load  centers,  as  has  been 
discussed  previously. 

The  obtaining  of  strength  and  high  reliability  of  equipment 
is  primarily  a  problem  of  construction  economics  rather  than 
of  system  design,  although  the  latter  is  an  important  element. 
Certain  features  of  the  problem  are  high  reactance  of  generators 
and  transformers,  ample  insulation  of  transformers  and  an 
efficient  oil  circulation  system,  high  mechanical  strength  of  oil 
switches,  avoidance  of  low-voltage  buses  and  low-voltage 
paralleling,  and  an  effective  and  dependable  system  of  relay 
sectionalizing. 

Study  of  the  design  and  operation  of  220-kv.  equipment  has 
brought  out  certain  general  principles  or  features  which  may 
be  noted  before  taking  up  consideration  of  particular  pieces  of 
apparatus: 

1.  High-Voltage  Switching.  All  line  switching,  automatic 
or  manual,  should  be  done  on  the  high-voltage  side  of  trans- 
formers. This  statement  may  come  as  a  jolt  to  certain  estab- 
lished ideas,  but  the  further  the  switching  problem  has  been 
studied,  the  more  clearly  does  it  appear  that  high-voltage 
switching  is  not  only  more  simple  but  is  more  safe.  The 
amounts  of  power  involved,  particularly  under  abnormal 
conditions,  are  so  tremendous  that  the  current  values  obtaining 
at  lower  voltages  impose  switch  duties  and  heavy  stresses 
generally  which  could  be  handled  only  with  great  diflBculty  and 
at  an  expense  materially  higher  than  would  be  required  at 
220-kv.,  where  the  currents  involved  are  relatively  small. 

From  the  standpoint  of  automatic  sectionalizing  and  con- 
tinuity of  service,  high-tension  switching  is  obviously  desirable, 
since  defective  circuits  in  tripping  out  will  leave  the  trans- 
formers in  service  to  continue  supplying  load  from  parallel 
circuits  or  alternative  routes. 

2.  Transformer  Connections.  All  220-kv.  transformers,  on 
the  high- voltage  side,  should  be  connected  in  Y  with  the  neutral 
grounded,  as  shown  graphically  in  Fig.  22.  The  high  poten- 
tials involved  and  the  great  lengths  of  line  to  be  interconnected 
constitute  conditions  which  might  easily  result  in  uncontrolable 
surges  if  the  high-voltage  circuits  were  isolated  from  ground. 
While  grounding  at  one  end  of  a  line  would  materially  alleviate 
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these  conditions,  more  adequate  stabilization  of  voltage,  with 
consequent  greater  economy  in  equipment  and  secxirity  in 
operation,  can  be  obtained  by  grounding  at  all  points  where 
transformers  are  located.  It  may  be  of  interest  to  note  that 
the  voltage  stresses  on  a  220-kv.  grounded  system  (normal 
voltage  to  ground  127  kv.),  will  be  less  than  for  some  certain 
existing  isolated  delta  systems.  There  obtains  also  the  general 
advantage  of  grounded  Y  operation  that  automatic  sectionaliz- 
ing  is  made  more  positive  and  reliable,  a  vital  consideration  on 
so  large  and  important  a  transmission  system. 

The  neutral  should  be  grounded  without  resistance.    The 
purpose  of  a  resistance  in  the  neutral  connection  is  to  limit 
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current  flow  into  a  ground  on  a  line  or  in  apparatus.  For  lower 
voltages  where  excessive  magnetic  stresses  would  result,  the 
expedient  is  frequently  desirable,  but  for  220  kv.,  where  the 
short-circuit  current  values  are  relatively  small  and  provision 
for  handling  the  resultant  stresses  relatively  simple,  any 
benefit  which  might  be  gained  would  not  be  justified  by  the 
expense  and  complication  which  the  use  of  resistance  would 
involve,  and  it  would  in  any  case  be  more  than  offset  by  the 
impairment  of  the  fimction  of  the  ground  in  stabilizing  poten- 
tisds. 

3.  Protective  Equipment.  No  equipment  of  any  character 
is  contemplated  for  protection  against  over-voltages.  As  a 
fundamental  principle  it  is  believed  that  investment  ca 
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applied  more  effectively  and  with  greater  ultimate  economy  in 
providing  greater  margins  of  safety  in  the  apparatus  against 
the  stresses  which  are  likely  to  be  encountered,  than  in  attempt* 
ing  to  shield  weaker  apparatus  by  methods  now  known.  For 
such  a  voltage  as  220  kv.,  protective  equipment  would  be 
proportionately  more  costly  than  in  case  of  lower  voltages  and 
its  efficacy  more  questionable. 

High-voltage  protective  devices  are  of  two  general  types, 
those  intended  to  protect  against  abnormal  potentials  at 
normal  or  low  frequencies,  and  those  intended  to  protect  against 
high-frequency  surges  or  steep  wave  fronts  which  might  give 
rise  to  localized  high-potential  stresses  in  the  windings  of 
transformers  and  in  other  apparatus.  For  protection  against 
high  potentials,  electrolytic  arresters  and  other  so-called  light- 
ning arresters  have  been  used  extensively  in  systems  of  lower 
voltage.  On  a  220-kv.  system  with  dead-groimded  neutrals, 
it  is  not  believed  that  any  abnormal  potentials  are  likely  to  be 
encountered  which  apparatus  insulation  cannot  and  should 
not  be  able  to  withstand.  For  protection  against  high- 
frequency  effects,  series  reactances  have  been  used  and  elabo- 
rate arrangements  of  reactances,  condensers  and  resistances 
have  been  proposed.  While  probably  high-frequency  con- 
stitutes more  of  a  real  danger,  it  is  considered  that  it  can  be  met 
most  effectively  and  economically  by  providing  adequate 
insulation  strength. 

220-fct;.  Transformers.  The  questions  which  naturally  will 
be  the  first  to  arise  in  consideration  of  transformers  for  a  220- 
kv.  system  are  those  of  size  of  units  and  three-phase  vs.  single- 
phase  imits,  the  two  questions  being  to  some  extent  inter- 
dependent. 

Considerations  of  simplicity  in  station  arrangement  and  of 
economy  in  operation  favor,  in  general,  transformers  of  the 
largest  size  permitted  by  the  conditions  of  each  installation  or 
by  limitation  of  manufacture.  Theoretically  there  seems  no 
limit  to  the  capacity  of  a  transformer  unit,  but  beyond  a  certain 
capacity  the  provision  of  strength  to  withstand  the  mechanical 
stresses  of  short-circuit  current  becomes  a  matter  of  such  com- 
plication and  expense  that  an  economical  limit  will  come  into 
effect.  At  the  present  stage  of  the  art,  the  manufacturers 
advocate  that  transformers  be  not  attempted  beyond  50,000  to 
60,000  kv-a.  for  three-phase  units,  or  35,000  to  40,000  kv-a.  for 
single-phase  imits.    Transformer  cores  and  windings  for  these 
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capacities  can  be  shipped  assembled  from  the  factories.  Ad- 
vance quotations  and  estimates  from  manufacturers  show 
progressively  lower  unit  costs  up  to  these  sizes.  The  economic 
advantage  of  large  units  depends  not  so  much,  however,  upon 
lower  unit  costs  as  upon  considerations  of  space,  bus  construc- 
tion, number  of  switches,  etc.,  all  of  which  involve  relatively 
less  expense  for  larger  units.  The  adverse  difference  in  cost  of 
handling  facilities  is  not  great. 

As  to  choice  between  three-phase  and  single-phase  units, 
from  the  standpoint  of  simplicity  and  cheapness  of  installation, 
three-phase  units  would  be  preferable.  As  to  factory  cost  and 
eflSciency,  there  appears  on  the  basis  of  information  at  present 
available  to  be  little  difference,  three-phase  transformers  being 
somewhat  cheaper  for  same  capacity  of  bank  and  somewhat 
more  expensive  for  same  capacity  of  unit.  The  great  weight 
which  should  be  given  the  principle  of  providing  high  intrinsic 
reliability  of  main  units,  rather  than  providing  spare  omits, 
materially  reduces  one  of  the  principal  advantages  claimed  for 
single-phase  transformers,  that  of  the  less  capacity  required  in 
reserve  units.  For  large  installations,  three-phase  units  offeU' 
advantages.  For  relatively  small  substations,  it  is  believed 
that  equally  satisfactory  service  at  less  cost  can  be  rendered  by 
a  bank  of  two  three-phase  units  as  compared  with  one  bank  of 
single-phase  units  with  a  spare.  Certainly  a  bank  of  three 
three-phase  units  would  be  superior,  and  the  cost  should  be  no 
greater. 

At  generating  stations,  operating  and  economic  considera- 
tions strongly  favor  the  generator  and  its  transformer  equip- 
ment as  a  xmit.  If  the  generator  capacity  should  exceed  the 
practicable  limit  of  three-phase  transformer  capacity,  there 
apparently  would  be  a  close  margin  of  choice  between  using  a 
single-phase  bank  or  two  three-phase  transformers  operating 
as  a  bank  and  controlled  by  one  circuit  breaker. 

In  past  high-voltage  practise,  probably  one  of  the  most 
troublesome  features  in  operation  has  been  the  bushings. 
Experience  indicates,  however,  that  satisfactory  bushing 
designs  have  now  been  developed  and  can  readily  be  applied  to 
220-kv.  service.  Bushings  will  of  course  be  identical  and 
interchangeable  for  transformers  and  oil  switches.  Trans- 
formers will  have  but  one  high-voltage  bushing  per  phase,  the 
neutral  ends  of  the  winding  not  being  insulated  from  the  tank. 

The  saving  in  equipment  costs  which  has  been  noted  as  one 
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of  the  reasons  for  selecting  grounded  Y  rather  than  delta  for 
the  220-kv.  transformer  connections,  is  very  marked  in  the  case 
of  transformers.  Insulation  is  less  throughout  the  whole 
transformer  and  extra  insulation  is  required  at  only  one  end  of 
the  windings  rather  than  at  both,  cores  and  tanks  are  corres- 
pondingly smaller,  efficiency  is  higher,  amount  of  oil  required  is 
less  and  bushings  are  lighter  and  shorter. 

The  large  sizes  of  installations  involved  in  a  220-kv.  system, 
together  with  the  necessity  for  careful  attention  to  maintaining 
insulation  strength  and  transformer  reliability  generally,  will 
not  improbably  result  in  a  radical  change  in  the  present  method 
of  handling  and  cooling  transformer  oil,  i.  e.,  the  abandonment 
of  cooling  of  oil  in  each  transformer  and  gravity  circulation  of 
oil  through  the  windings  in  favor  of  forced  oil  circulation  and 
external  cooling.  The  idea  of  external  cooling  is  by  no  means 
new,  but  whereas  for  the  relatively  small  installations  of  present 
practise  it  appears  to  involve  unjustified  complication  and 
expense,  for  installations  of  the  size  here  contemplated  this 
condition  will  probably  be  reversed.  The  apparent  advan- 
tages, briefly  sxunmarized,  are  as  follows: 

a.  Tanks  smaller  and  cheaper  due  to  elimination  of  cooling 
coils  and  smaller  volume  of  oil  in  transformer. 

b.  Positive  circulation  of  oil  and  possibility  of  more 
accurately  directing  it  in  its  flow  through  the  windings  to  the 
points  needed  and  in  amounts  needed. 

c.  More  effective  cooling  due  to  low  temperature  which 
may  be  obtained  in  incoming  oil  and  more  rapid  circulation. 

d.  Oil  kept  absolutely  dry  and  always  at  maximum  insula- 
tion strength  due  to  possibility  of  sealing  oil  system  against  the 
atmosphere,  a  most  important  advantage  for  extra  high-voltage 
operation. 

e.  Oil  may  readily  be  filtered  continuously  to  any  extent 
des'red. 

f .  System  as  a  whole  more  reliable  and  probably  cheaper. 
Such  an  external  transformer  oil  system  might  be  developed 

to  handle  all  oil  in  a  common  system,  or  to  keep  the  oil  for  each 
transformer  bank  separate.  The  common  system  would  be 
somewhat  cheaper  and  simpler,  and  hence  preferable  if  ade- 
quate precautionary  measures  could  be  worked  out  to  prevent 
contamination  of  the  entire  oil  system  as  a  result  of  a  failure  in 
one  transformer.  The  system  in  either  case  would  include 
cooling  devices  located  wherever  desired,  probably  in  a  pond  or 
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stream,  oil  pumps,  filters,  a  storage  tank  at  a  suitable  elevation 
to  provide  circulating  head,  and  at  some  point  an  expansion 
device  which  would  maintain  a  reasonable  pressure  regulation 
under  conditions  of  varying  volume  of  the  enclosed  oil  due  to 
temperature  changes.  The  entire  oil  system  would  be  effec- 
tively sealed  against  the  atmosphere.  Vital  parts  of  the  oil 
system  would  presumably  be  installed  in  duplicate,  the  expense 
being  small  in  proportion  to  total  cost  of  the  station. 

A  system  of  external  cooling  of  oil  may,  at  generating 
stations,  open  the  way  for  a  significant  increase  in  overall 
efficiency.  Transformer  losses  will  amount  to  about  1 .  25  per 
cent  of  station  output.  Possibly  half  of  this  heat  may  be 
recovered  from  the  oil  by  passing  it,  on  its  way  to  the  final 
cooling  coils,  through  some  device  installed  in  the  steam  system 
between  the  condensers  and  the  economizers.  While  no 
studies  have  been  made  of  the  economic  feasibility  of  such  a 
scheme,  the  physical  possibility  opens  an  interesting  problem. 

220-^.  Oil  Circuit  Breakers.  A  system  such  as  here  con- 
templated, with  huge  generating  stations,  numbers  of  them 
interconnected,  and  large  synchronous  condenser  capacity  at 
substations,  will  necessarily  involve  imprecedented  concentra- 
tions of  energy  at  switching  points,  particularly  in  case  of  short 
circuits.  The  high  duty  required  of  circuit  breakers  to  meet 
this  condition  is  a  vitally  important  problem  in  the  design  of 
such  a  system.  It  is,  as  has  been  noted,  early  evident  in  a 
study  of  the  switching  problem,  that  switching  should  be  done 
wherever  possible  on  the  high-voltage  side  of  transformers, 
since  the  high,  voltage  can  more  easily  be  handled  than  the  high 
currents  at  lower  voltage.  Two  hundred  and  twenty-kv. 
short-circuit  current  values  are  not  extreme,  and  in  a  220-kv. 
circuit  breaker  the  large  clearances  and  switch  openings 
necessarily  involved  by  the  high  voltage  contribute  directly  to 
giving  the  rupturing  capacity  required  by  the  current  to  be 
handled. 

Magnitudes  of  220-kv.  circuit-breaker  duty  will,  of  course, 
depend  upon  the  size  and  arrangement  of  the  220-kv.  system. 
With  a  system  of  the  capacity  and  arrangement  shown  in 
Fig.  21,  the  duty  of  a  circuit  breaker  at  the  bus  of  either  the 
larger  generating  station  or  the  larger  substation  would, 
according  to  approximate  calculations,  be  from  1,000,000  kv-a. 
to  1,500,000  kv-a.,  depending  upon  the  length  of  the  220-kv. 
lines.    At  the  smaller  generating  station  or  substation  the  duty 
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would  be  somewhat  less.  No  difficulty  should  be  involved  in 
obtaining  circuit  breakers  for  this  duty  at  220-kv.  With  the 
gradual  expansion  which  might  be  expected  in  such  a  power 
supply  system,  with  other  generating  stations  and  substations 
added,  extensive  interconnections  made  in  secondary  networks 
and  probably  a  considerable  220-kv.  network  established,  there 
might  be  expected  circuit  breaker  duties  of  3,000,000  to 
4,000,000  kv-a.  Manufacturers  foresee  no  insurmoimtable 
difficulty  in  designing  220-kv.  circuit  breakers  for  duties  of 
this  magnitude.  The  duty  on  such  an  extensive  system  might 
be  reduced  by  adoption  of  some  degree  of  sectionalized  opera- 
tion of  the  220-kv.  lines,  but  it  is  hoped  that  the  need  for 
such  an  expedient  can  be  avoided. 

Two  types  of  circuit  breakers  have  been  offered  by  the  manu- 
facturers for  220-kv.  high  duty  service.  One  type  consists  of  a 
massive  circuit  breaker,  each  phase  in  one  tank  of  heavy  boiler 
plate,  with  two  breaks  in  series  for  moderate  duty  and  four 
breaks  in  series  for  heavy  duty.  The  tank  is  built  according  to 
the  principles  of  boiler  design  to  withstand  the  internal  pressure 
generated  by  the  opening  under  oil  of  the  rated  kv-a.  loads,  as 
predetermined  by  test  and  calculation.  The  tank  is  not 
designed  to  withstand  explosions  in  the  space  above  the  oil,  this 
hazard  being  eliminated  by  provision  for  thorough  ventilation 
or  other  expedients  to  prevent  formation  of  explosive  mixtures 
in  this  space. 

Another  type  of  220-kv.  circuit  breaker  consists  of  two  breaks 
in  series  per  tank,  one  such  tank  being  used  for  conditions  of 
moderate  duty  and  two  tanks  in  series  for  heavy  duty.  The 
four  series  breaks  in  the  double-unit  circuit  breaker  are  operated 
simultaneously.  These  tanks  likewise  are  designed  to  with- 
stand the  stresses  generated  under  the  oil  under  conditions 
of  maximum  duty,  but  in  this  case  the  full  stresses  are  not 
permitted  to  come  upon  the  tank.  Each  break  is  located 
in  a  carefully  designed  explosion  chamber,  of  relatively  small 
diameter  and  of  any  required  strength,  which  confines  the 
initial  force  of  the  explosion  and  serves  both  to  reduce  the 
pressures  which  can  be  set  up  in  the  main  tank,  and  to  utilize 
this  force  as  an  aid  in  extinguishing  the  arc.  With  this  type 
of  circuit  breaker,  one  tank  unit  would  probably  be  installed 
initially  when  the  220-kv.  system  was  small,  and  a  second  imit 
added  later  when  the  growth  of  the  system  brought  about 
power  concentrations  in  excess  of  the  rupturing  capacity  of  the 
ingle  unit. 
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It  is  believed  that  either  of  these  types  of  circuit  breaker  will 
give  satisfactory  service  on  a  220-kv.  system. 

22Q-kv.  Air-Break  Disconnectors,  Air-break  disconnectors 
for  220-kv.  service  present  a  problem  which,  while  distinctly  of 
a  minor  character  in  relation  to  the  general  problems  of  220-kv. 
construction,  is  troublesome,  and  for  which  no  wholly  satisfac- 
tory designs  have  thus  far  been  offered.  The  difficulties 
attending  development  of  such  disconnectors  do  not  concern 
feasibility,  since  a  disconnector  which  will  operate  acceptably 
can  be  built  after  existing  designs,  but  concern  rather  avoidance 
of  unnecessary  expense,  space  requirements,  and  general 
complication.  The  problem  is  one  of  making  a  firm  high- 
capacity  contact,  without  incurring  hazard  or  undue  inconven- 
ience to  operators  or  to  service,  under  any  sort  of  weather 
conditions,  between  two  elements  supported  by  long,  heavy, 
cumbersome  and  somewhat  fragile  insulators. 

These  220-kv.  disconnectors  would  be  used  to  disconnect  an 
oil  switch  from  or  connect  it  to  a  live  line  or  bus.  It  is  not 
contemplated  that  such  a  switch  need  be  able  to  break  the 
charging  current  of  a  220-kv.  transformer,  although  a  switch 
capable  of  this  duty  would  be  valuable  if  it  could  be  developed. 
It  might  be  used  to  take  the  place  of  a  220-kv.  circuit  breaker 
in  some  cases  or  to  give  added  flexibility  in  cases  where  trans- 
former circuit  breakers  were  not  provided. 

In  situations  where  disconnectors  need  not  be  operated  with 
either  pole  alive,  as  for  instance  between  transformers  and 
transformer  circuit  breakers  at  the  generating  station  in  Fig. 
21,  the  cumbersome  220-kv.  disconnector  would  not  be  needed, 
and  some  form  of  simple  readily  removable  link  would  be  used. 

Generating  Station  Arrangement.  Simplicity  should  be  the 
dominating  principle  in  the  electrical  layout  of  the  generating 
station.  The  generator  and  its  transformer  should  be  a  unit 
and  there  should  be  no  low-voltage  bus  and  no  low-voltage 
paralleling.  For  stations  of  the  size  contemplated,  a  bus  at 
generator  voltage  would  involve  such  tremendous  duty  on  oil 
switches,  such  elaborate  sectionalizing  reactances  and,  in 
general,  such  expense  and  hazard  to  reliability  of  operation,  all 
without  any  material  benefit,  that  it  unquestionably  should  be 
omitted. 

Preferably,  although  not  necessarily,  a  specific  bank  of 
generators  should  be  assigned  to  each  220-kv.  circuit,  thus 
enabling  segregation  of  circuits  at  the  generating  stations,  if 
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desired.  The  economic  capacity  of  a  220-kv.  circuit  is  roughly 
100,000  kw.  to  150,000  kw.,  so  that  usually  this  would  mean 
two,  or  possibly  three,  generators  per  circuit.  In  case  condi- 
tions governing  generating  station  practise  should  favor  larger 
generators,  say  of  the  order  of  100,000-kw.,  and  if  satisfactory 
units  of  this  capacity  should  be  developed,  simple  station 
layout  would  be  possible  by  using  one  generator  to  each  220-kv. 
circuit. 

In  case  it  were  necessary  for  a  220-kv.  generating  station  to 
deliver  power  also  at  a  lower  voltage,  for  instance  66  kv.,  it 
would  still  be  desirable  to  avoid  a  bus  at  generator  voltage. 
The  preferable  arrangement  for  such  a  station  would  be  a  bus 
at  each  line  voltage,  each  fed  by  its  own  generators.  These  two 
busses  might  or  might  not,  depending  upon  the  particular 
conditions  obtaining,  be  interconnected  by  transformers. 

The  omission  of  the  low-voltage  bus  would  not  complicate 
the  problem  of  auxiliary  station  service,  since  good  practise 
already  provides  that  such  service  shall  be  supplied  from  a 
special  generator  rather  than  from  the  station  bus. 

Synchronizing  at  220-kv.  can  be  effectively  accomplished,  it 
is  believed,  by  an  adaptation  of  the  static  synchroscope. 

Main  Substation  Arrangement.  Two  hundred  and  twenty- 
kv.  substation  layout  will  be  influenced  largely  by  the  particular 
local  conditions  of  each  installation.  The  usual  type  will 
probably  serve  to  step  down  from  220  kv.  to  a  secondary 
transmission  voltage,  such  as  66  kv.  or  110  kv.  In  such  a  case 
it  will,  in  general,  be  necessary  to  have  both  a  primary  and  a 
secondary  bus  system, — at  220  kv.  a  simple  bus  with  sectionaliz- 
ing  circuit  breakers,  at  secondary  voltage,  where  greater 
flexibility  would  seem  desirable,  probably  a  ring  bus.  Owing 
to  the  high  current  values  which  would  obtain  at  the  secondary 
voltage,  (it  should  be  kept  in  mind  that  the  large  condenser 
capacity  will  aggravate  short-circuit  conditions),  it  appears 
advisable  to  provide  sectionalizing  reactances  in  this  bus. 

Synchronous  condensers,  of  such  capacity  as  may  be  de- 
manded by  length  of  220-kv.  line,  amount,  load  factor  and 
power  factor  of  load,  will  be  provided  for  each  transformer 
bank.  In  the  usual  case,  these  condensers  will  be  connected  to 
a  third  winding  in  the  main  transformers.  This  method  of 
connecting  the  condensers  appears  to  be  simpler,  cheaper,  and 
equally  reliable  as  compared  with  connecting  the  condensers  to 
separate  transformers  on  the  low-voltage  bus,  although  the 
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corrective  effect  would  not  apply  to  the  secondary  windings. 
Three-winding  220-kv.  transformers,  with  the  tertiary  winding 
of  50  per  cent  of  the  capacity  of  the  220-kv.  winding,  would 
cost  about  15  per  cent  more  than  two-winding  transformers. 
The  voltage  of  this  tertiary  winding  and  of  the  condenser 
would  be  as  high  as  may  be  found  practicable  for  satisfactory 
operation  of  this  type  of  apparatus. 

In  cases  where  the  secondary  substation  voltage  were  within 
range  of  generator  operation,  11  kv.,  13  kv.  or  22  kv.,  the  con- 
densers might  be  connected  directly  to  the  secondary  bus. 

Relay  System.  The  station  and  substation  arrangements 
which  have  been  proposed  are  predicated  upon  a  relay  system 
which  may  be  depended  upon  for  effective  and  consistent 
automatic  operation,  i.  e.,  for  insuring  that  a  faulty  piece  of 
apparatus,  transmission  line,  or  low-voltage  feeder  will  be  cut 
out  correctly,  promptly  and  in  such  a  manner  as  to  avoid 
interruption  to  the  other  elements  of  the  system.  Complete 
multiple  operation  of  all  220-kv.  apparatus,  stations  and  lines 
is  feasible  only  with  a  thoroughly  dependable  relay  system. 
In  view  of  the  encouraging  developments  in  the  relay  field 
during  recent  years,  and  of  the  fact  that  on  such  an  important 
system  much  effort  can  be  concentrated  in  working  out  a 
solution,  it  seems  reasonable  to  assume  that  an  adequate  relay 
system  will  be  available. 

Complete  220-kv.  multiple  operation  is  essential  to  obtaining 
full  economy  and  service  reliability  from  the  system,  and  any 
resort  to  sectionalized  operation,  due  to  lack  of  adequate  relays, 
unreliability  of  circuit  breakers  or  any  other  cause,  should 
be  looked  upon  as  a  distinct  failure  to  develop  the  full  possi- 
bilities of  the  system  and  as  a  temporary  expedient  to  be  dis- 
pensed with  as  soon  as  possible.  With  complete  multiple 
operation,  transmission  lines  are  used  to  maximum  efficiency, 
there  is  full  flexibility  in  shifting  of  load  between  generators 
or  stations,  and,  with  dependable  automatic  disconnecting, 
trouble  in  any  part  of  the  system  may  be  isolated  with  a  mini- 
mum of  disturbance  to  load. 

Construction  Cost 

The  following  estimates  are  intended  to  give  an  indication 
of  the  installation  cost  of  construction  carried  out  along  the  lines 
of  the  assumptions  and  recommendations  in  this  paper.  Local 
conditions,  of  course,  may  require  a  considerable  variation  in 
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arrangement  and  cost,  particularly  of  substation  apparatus. 
These  estimates  are  based  on  early  1919  prices,  and  apply  to 
station  capacities  of  200,000  kw.  and  larger  at  220  kv. 

Step-  Up  Substation.  Outdoor 
transforminf;  and  switching  struc- 
tures and  equipment  (220-kv. 
apparatus  and  connections  only), 
installation  and  indirect  expense.  $8  to  $9  per  kw, 

Step-Doxon  Substation,  Outdoor 
transforming  and  switching  struc- 
tures  and  equipment  (does  not  in- 
clude low-tension  feeder  bus  or 
feeder  switching  equipment)  syn- 
chronous condensers  of  capacity 
for  length  of  connected  linos, 
building,  control  equipment,  in- 
stallation and  indirect  expense ....  $15  to  $20  per  kw. 

Transmission  Lines.  Single  cir- 
cuit steel  towers  susi>ension  insu- 
lators. 

Towers $8000  per  mi. 

Insulators  and  Hardware 2800  per  mi. 

Conductors  and  Ground  Wire ....  5000  per  mi. 

Special  Structures 1000  per  mi. 

Right-of-way liOOO  per  mi. 

Indirect  expense 3700  per  mi. 

Total $23,500  per  mi. 

Total  Cost  220-ife!;.  Transmission. 

100  mi $40  to  $45  per  kw. 

200  mi 60  to   65  per  kw. 

300  mi 80  to   85  per  kw. 

Conclusions 

1.  It  is  generally  recognized  that  the  country's  industrial 
advancement  will  require  increasingly  great  amounts  of  electric 
power,  particularly  in  view  of  the  relation  between  use  of  power 
and  unit  productiveness  of  labor,  and  that  this  power  must  be 
supplied  in  accordance  with  a  rational  policy  of  conservation 
of  our  greatest  national  asset,  our  fuel  resources.  This  points 
to  the  necessity  of  large  scale  transmission  of  power  from  distant 
points  of  generation  at  the  energy  sources,  coal  fields  and  water 
powers. 

2.  Two  hundred  and  twenty  kv.  appears  a  logical  choice  for 
such  large-capacity,  long-distance  transmission,  which  is  clearly 
beyond  the  economic  range  of  present  transmission  voltages. 
Two  hundred  and  twenty  kv.  is  high  enough  to  meet  pending 
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requirements  in  power  supply  evolution  but  not  so  far  beyond 
existing  practise  as  to  involve  question  of  its  immediate 
feasibility. 

3.  Design  of  a  220-kv.  system  brings  up  important  problems, 
new  in  character  or  significance.  These  problems  are  due 
rather  more  to  the  large  amounts  of  power  involved  than  to  the 
high  voltage. 

4.  Two  hundred  and  twenty-kv.  power  supply  will  require 
unprecedentedly  high  service  standards,  load  factors  will  be 
high,  particularly  at  the  start,  and  the  frequency  should  be  60 
cycles.  For  full  economy  the  load  for  each  220-kv.  circuit 
should  be  100,000  kw.  or  higher. 

5.  The  selection  of  type  and  size  of  conductor  is  an  important 
economic  problem  involving  a  balance  of  many  factors.  Cor- 
ona does  not  enter  as  an  especially  serious  limitation  owing  to 
the  large  size  of  conductors  otherwise  required.  Research  is 
needed  as  to  best  method  of  stringing  conductors. 

6.  Insulators  of  present  commercial  disk  types  can  be  made 
to  give  acceptable  service,  but  there  is  need  of  an  insulator 
more  eflScient  electrically,  stronger  mechanically  and  of  im- 
questioned  durability.  There  is  opportunity  for  valuable 
research  and  development  work  in  this  field. 

7.  The  familiar  single-circuit  rigid  type  of  steel  tower  ap- 
pears to  be  most  conservative  for  immediate  use,  owing  to  its 
reliability  having  been  demonstrated  by  experience.  The  field 
offers  promising  possibility  for  development  of  other  types  of 
single-circuit  and  multiple-circuit  towers.  The  economical 
span  length  (here  taken  as  800  ft.  normal),  may  vary  with  the 
factors  of  each  situation.  A  series  of  standard  towers  of 
graduated  weights  will  be  advisable. 

8.  The  basic  idea  of  220-kv.  station  and  substation  design 
is  simplicity  and  intrinsic  strength  of  equipment,  rather  than 
flexibility  and  external  protective  measures. 

9.  Transformer  connections  should  be  Y  on  220-kv.  side 
with  neutral  dead  groimded.  Development  of  220-kv.,  large 
capacity  transformers  presents  no  undue  difficulties.  Fre- 
quently the  design  might  advantageously  employ  forced  oil 
circulation  with  external  cooling.  Present  types  of  bushings, 
suitably  adapted,  seem  satisfactory  for  220-kv.  service. 

10.  The  220-kv.  system  should  be  laid  out  for  multiple 
operation  and  switching  should  be  done  at  220-kv.  A  thor- 
oughly dependable  and  carefully  coordinated  relay  system  is  a 
basic  requirement. 
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11.  Development  of  circuit  breakers  presents  no  serious 
difficulty  from  standpoint  of  voltage,  and  it  is  believed  that 
proposed  designs  will  be  adequate  for  the  duty  which  will  be 
demanded. 

12.  At  generating  stations  each  generator  and  its  step-up 
transformer  bank  should  be  treated  as  a  unit.  There  would 
be  no  low-voltage  bus  and  no  low-voltage  circuit  breaker. 

13.  At  substations  each  transformer  would  be  a  unit  with  a 
synchronous  condenser  supplied  from  a  tertiary  winding. 

14.  The  studies  which  have  been  made  and  the  tentative 
designs  which  have  been  built  up  serve  to  establish  confidence 
in  the  conclusion  that  220-kv.  transmission  is  immediately 
feasible  as  a  commercial  proposition. 

15.  It  is  hoped  that  public  presentation  of  these  220-kv. 
studies  may  serve  in  some  measure  to  facilitate  the  working  out 
of  this  advance  in  the  transmission  art,  and  that  in  particular 
it  may  promote  interchange  of  ideas,  bring  out  constructive 
criticism  and  stimulate  needed  investigations. 

The  author  wishes  to  offer  acknowledgment  and  express  ap- 
preciation of  the  assistance  of  his  associates  and  of  various 
engineers  and  manufacturers  whose  ideas  have  been  sought 
and  freely  used  in  the  preparation  of  this  paper. 
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Discussion  in  "Problems  of  220-kv.  Powtn*  Transmission 
(Silver),  Lake  Placid,  N.  Y.,  June  27, 1919;  • 

W.  S.  Murray:  I  think  Mr.  Silver  has  made.  ^  contri- 
bution apropos  of  the  times  and  for  it  I  have  had  in  mind  for 
some  time  a  very  concrete  application. 

The  time  is  before  you  for  very  large  things  and  it  ww^d 
seem  to  me  that  220,000- volt  transmission  will  offer  an  op'-v " 
portunity  to  exercise  ourselves  in  that  field. 

The  amoimt  of  waste  due  to  improper  generation  of  power, 
its  transmission  and  application,  is  something  enormous — 
far  beyond,  I  think,  the  conception  of  many  of  you  here  pres- 
ent. I  can  epitomize  such  a  statement  by  saying  that  I  be- 
lieve that  a  careful  investigation  will  show  that  in  the  Boston- 
Washington  territory,  450  miles  long  and  say  100  miles  inland, 
the  amount  of  waste  is  about  $300,000,000  per  annum. 

The  plan  of  the  super-power  transmission  to  save  that  waste, 
is  to  establish  on  the  coast,  stations  in  which  there  will  be  units 
not  smaller  than  35,000  to  40,000  kw.,  each  of  these  stations 
aggregating  50,000  to  1,000,000  kilowatts  as  a  whole,  and 
at  the  same  time  developing  such  hydroelectric  points  on 
rivers  and  steam  stations  at  the  mouths  of  mines  as  will  eco- 
nomically justify  themselves:  all  of  this  power  so  generated 
being  transmitted  to  the  super-power  line  to  give  an  economy 
of  between  ten  and  eleven  pounds  of  steam  per  kw-hr.,  the 
consumer  securing  it  say  somewhere  between  twelve  or  thirteen 
pounds. 

The  average  rate  for  the  generation  of  power  throughout 
territory  taking  into  account  the  steam  power  factory  drive 
is  somewhere  between  twenty-five  and  thirty  pounds  of  steam, 
per  kw-hr.    Thus  this  rate  would  be  cut  in  two. 

In  my  experience  with  railroad  electrification  there  is  no 
question  that  the  present  economy  of  the  electric  engine  over 
the  steam,  taking  passenger,  switching  and  frei^t,  into  con- 
sideration is  in  a  ratio  of  two  to  one.  In  the  case  of  steam 
driven  factories  it  would  be  much  greater  than  that. 

The  load  factor  of  a  steam  railroad,  say  on  the  order  of  the 
New  York  Central  or  the  New  York,  New  Haven  &  Hartford, 
can  be  made  to  be  70  per  cent.  On  the  New  Haven  there  are 
opportunties  on  its  main  line  division  of  making  it  75  per  cent. 
As  we  all  know,  the  load  factor  of  the  central  station  is  good  if 
it  is  35  per  cent  to  40  per  cent  and  so,  in  combination  with  the 
load  factor  of  the  railroads  and  that  of  industrial  power  and 
lighting,  we  might  hope  to  get  an  average  load  factor  of  some- 
thing like  50  per  cent. 

The  idea  of  economy  alone  is  good  but  the  plan  is  even  far 
more  reaching  when  we  consider  that  we  must  create  very 
shortly  some  form  of  common  carrier  for  power.  I  think  that 
you  will  be  surprised  when  I  tell  you  that  the  cargo  space  used 
by  coal  shipment  today  on  the  Northeast  Atlantic  seaboard  is 
40  per  cent  and  this  means  that  our  industrialism,  which  is 
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expanding  jkr^niendously  (all  the  earmarks  of  it  are  before  us 
now),  the-qecessary  transportation  to  take  care  of  it  falling 
far  behiftdvand  therefore  if  we  can  take  this  enormous  coal  ship- 
menJi'ofF.'the  rails  and  put  it  up  overhead,  we  will  take  a  tre- 
mendous burden  off  of  the  railroads. 

'"There  are  two  great  things  that  enter  the  consideration  of 
/':/1;hi5  matter.    One  is  the  question  of  the  coal  men  who  will  only 
":    !-*have  to  carry  one  pound  of  coal  against  two,  if  the  economies 
•.  *    I  have  suggested  are  correct.    The  answer  is  not  to  say  to  the 
coal  man  that  his  railroad  is  going  to  be  knocked  out  of  its  divi- 
dends if  it  is  a  coal  carrying  road,  but  that  his  road  is  going  to 
become  the  highway  for  new  industries.    New  industries  will 
spring  up  along  that  road  and  the  space  created  by  eliminating 
a  part  of  the  coal,  will  give  space  for  the  new  industrial  com- 
modities which  can  be  hauled  at  a  higher  rate. 

In  other  words,  it  is  a  constructive  and  not  a  destructive 
policy. 

The  other  most  important  question  is  the  matter  of  the  obso- 
lescence of  the  plants  already  established.  What  are  we  going 
to  do  with  them?  The  answer  to  that,  I  think,  is  not  a  difficult 
one.  We  are  going  to  use  those  plants  and  we  will  use  them 
this  way:  On  peak  load  they  will  be  a  most  valuable  asset  in 
the  regional  system.  On  light  load  they  will  be  most  valuable 
as  condensers  to  take  care  of  the  idle  or  magnetizing  current 
in  order  that  the  larger  generating  units  may  generate  at  maxi- 
mum efficiency  the  real  power.  Thus  instead  of  facing  ob- 
solescence their  life  will  be  extended  in  this  new  field. 

Another  question:  What  will  be  the  corporate  status  of 
the  present  companies?  The  primaries  of  today  will  become 
the  secondaries  of  tomorrow.  The  power  will  be  generated  in 
bulk  and  be  transmitted  to  the  present  companies  who  will 
maintain  their  present  entity  as  distributors  and  so  far  as 
franchise  rights,  etc.,  are  concerned,  will  remain  exactly  as 
they  are  today. 

If  an  investigation  is  made,  and  I  trust  will  be,  and  we  find, 
as  I  have  stated  that  there  are  $300,000,000  being  wasted  in 
this  zone,  it  seems  to  me  that  as  we  are  now  mining  some  75,- 
000,000  tons  of  coal  anthracite,  and  we  have  only  got  75  years 
of  it  left,  and  as  we  have  jumped  from  100,000,000  of  bitumin- 
ous coal  mined  per  annum  to  580,000,000  that  every  engineer 
must  fight  for  this  conservation  plan. 

It  is  very  well  to  say  that  we  have  3,000,000,000  tons  of  coal, 
which  we  have,  in  this  country  but  where  is  it?  It  is  not  in  a 
place  where  it  can  be  economically  transported.  Much  of  it 
is  away  out  in  the  Alaska  fields.  Of  coui-se  we  have  the  Penn- 
sylvania, Illinois  and  Ohio  fields  but  if  you  can  see  the  acres 
that  have  been  taken  out  of  them  you  will  see  the  force  of  the 
necessity  of  our  economizing,  I  think,  as  much  for  ourselves  as 
for  the  sake  of  posterity. 

I  want  to  leave  a  final  thought  with  you  in  this  statement: 
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When  the  matter  of  this  investigation  is  presented  to  Congress 
an  appropriation  will  have  to  be  made  to  cover  the  work,  and 
I  think  that  we  ought  to  all  of  us  consider  this  not  a  local  mat- 
ter but  a  national  one.  It  seems  to  me  that  this  viewpoint  is 
fair  enough.  The  Senator  from  Ohio  or  the  Senator  from  Ne- 
vada or  even  the  Senator  from  California  might  get  up  and 
say  "Well,  why  not  make  a  super-power  transmission  in  our 
territory?  Why  should  we  not  vote  for  the  Northwest  Coast 
instead  of  the  Atlantic  seaboard?" 

I  think  that  that  would  be  a  veiy  short-sighted  attitude  be- 
cause the  finishing  shop  of  the  United  States  is  on  the  North- 
east Atlantic  seaboard  for  American  industry.  There  is  very 
nearly  80  per  cent  of  the  country's  industry  concentrated 
right  here.  Now,  if  we  are  going  to  maintain  the  American 
standard  of  wage  and  living  while  competing  with  the  world 
— ^and  this  is  the  great  angle  of  vision  we  should  take  now — 
that  is  where  the  American  product  must  continue  to  be 
finished  and  placed  on  shipboard. 

I  was  very  happy  indeed  at  the  Boston  Section  to  have  that 
branch  of  the  American  Institute  of  Electrical  Engineers,  vote 
a  resolution  of  approval  of  Secretary  Lanes'  proprosed  appro- 
priation to  cover  this  investigation  and  as  I  said  before,  we 
can  just  visualize  this  great  line  constructed  as  described,  into 
which  is  fed  a  kilowatt  hour  at  an  expenditure  of  ten  pounds 
of  steam  keeping  in  mind  for  economies  sake  the  wonderful 
contributing  factors  of  load  factor,  to  say  nothing  of  break- 
down service  which  will  be  established  between  plants.  Surely 
this  is  a  sound  vision,  it  is  certainly  not  impractical. 

I  don't  believe  1  could  leave  a  better  slogan  with  you  in 
closing  than  sa5dng,  that  lately  we  have  been  spending  billions 
for  destruction  for  preservation,  now  let's  spend  billions  for 
construction  for  conservation. 

W.  M.  Dann  (Pittsburgh) :  The  transformers  that  Mr. 
Silver  speaks  of  are  certainly  very  interesting  on  account  of 
their  size  and  the  high  operating  voltage.  They  are  the 
largest  units  that  have  so  far  been  proposed  seriously,  but  I 
believe  the  manufacturers  feel  no  hesitancy  at  all  in*^  building 
units  that  will  be^  dependable  and  reliable  in  service. 

On  page  1091  referring  to  the  choice  between  three-phase  and 
single-phase  units,  it  seems  to  me  that  all  the  arguments  are 
in  favor  of  single-phase  units,  particularly  since  the  three-phase 
imit  as  large  as  100,000  kv-a.  seems  to  be  impractical  at  the 
present  time.  For  a  bank  of  that  size  three  35,000-kv-a.  single- 
phase  units  will  be  cheaper  than  two  50,000-kv-a.  three-phase 
units.  The  switching  would  be  simplified,  the  floor  space  re- 
quired would  be  less  and  there  would  be  some  gain  in  efficiency. 

The  high  intrinsic  reliability  which  Mr.  Silver  refers  to  can 
almost  be  said  to  be  characteristic  of  power  transformers  now- 
adays because  they  are  actually  responsible  for  very  little  real 
trouble.     However,  100  per  cent  reliability  is  an  ideal  which  we 
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will  have  to  admit  has  not  yet  been  reached  and  it  seems  to  me 
from  the  point  of  view  of  insurance  that  it  would  be  unwise  to 
figure  on  operating  such  a  big  and  important  system  without 
spare  transformer  capacity.  If  this  is  conceded,  the  argu- 
ments in  favor  of  single-phase  units  are  even  stronger. 

The  statement  is  made  that  for  relatively  small  substations 
equally  satisfactory  service  can  be  rendered  at  less  cost  by  a 
bank  of  two  three-phase  units  as  compared  with  one  bank  of 
single-phase  units  with  a  spare.  It  seems  to  me  that  the  argu- 
ments are  in  favor  of  single-phase  units  particularly  ance 
spare  units  are  provided  with  the  single-phase  and  not  with  the 
three-phase  transformers. 

Operating  the  generator  and  the  transformer  equipment  as 
a  unit  will  very  likely  meet  with  pretty  genersJ  approval. 
Here  again  I  believe  that  the  choice  of  units  is  in  favor  of  the 
single-phase  transformer. 

The  suggestion  that  the  future  may  see  a  radical  change  in 
the  present  method  of  handling  and  cooling  transformer  oil  is 
certainly  a  very  interesting  one.  Heretofore  the  forced  cool- 
ing of  transformer  oil  has  not  been  very  common  and  not  very 
popular  and  the  reason  it  has  not  been  popular  is  the  expense 
and  complication  and  the  lack  of  real  necessity  for  the  forced 
cooling  system.  It  may  be  that  in  connection  with  trans- 
formers of  this  unusual  size,  experience  may  bring  up  some 
new  points  which  will  make  it  seem  a  little  more  desirable. 

On  page  1092  is  given  a  list  of  apparent  advantages  for  the 
forced  cooling  system  and  just  to  take  the  opposite  side  of  the 
argument  for  the  moment,  I  would  like  to  submit  a  few  points 
to  go  with  this  list: 

(a)  Tanks  are  smaller  and  cheaper  due  to  eliminating  the 
cooling  coils.  The  saving  in  size  is  really  not  very  great.  It 
appears  only  in  floor  space  because  the  height  is  practically 
fixed  by  the  insulation  and  the  length  of  the  bushings  for  220-, 
000  volts.  In  other  words,  the  height  of  the  transformer  is 
practically  the  same  whether  the  cooling  coils  are  internal  or 
external.  The  saving  in  cost,  if  copper  cooling  coils  are  taken 
into  consideration,  amounts  to  from  5  per  cent  to  8  per  cent. 
If  iron  cooling  coils  are  taken  into  account,  the  saving  is  con- 
siderably less.  This  is  not  a  net  saving,  for  the  cost  of  the  ex- 
ternal system  with  its  pump  and  motor  is  greater  than  the 
internal  cooling  coils. 

(b)  Assuming  that  the  ducts  in  the  windings  are  free  from 
restrictions  and  that  there  are  no  places  where  the  oil  does  not 
flow  naturally  in  rewsponse  to  the  thermal  head,  there  is  nothing 
more  positive  in  circulation  or  more  positive  in  cooling  than 
the  natural  flow  of  oil  set  up  by  the  heat  of  the  windings  and 
it  would  seem  that  forced  cooling  should  be  unnecessary  un- 
less some  new  and  compelling  reasons  are  developed  to  justify 
it. 

I  question  whether  the  rapid  circulation  of  oil  in  a  water- 
cooled  transformer  is  fully  appreciated,  for  it  is  really  more 
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rapid  under  the  natural  conditions  than  with  forced  cooling 
unless  the  external  piping  and  pump  are  unreasonably  large. 
The  thermal  head  in  a  transformer  forms  one  of  the  most  effi- 
cient pumps.  Anyone  who  has  ever  looked  into  a  transformer 
when  operating  under  load  will  remember  the  boiling  of  the  oil 
at  the  surface  due  to  the  strong  circulation. 

(c)  The  temperature  of  the  oil  at  the  bottom  of  the  case  is 
dependent  only  on  the  size  of  the  cooling  plant,  irrespective 
of  whether  it  is  internal  or  external,  and  low  temperature  of 
the  ingoing  oil  is  not  specially  characteristic  of  the  forced 
cooling   system. 

(d)  The  oil  must  of  course  be  kept  absolutely  dry,  and  if 
it  is  conceded  that  we  can't  get  reliable  cooling  coils  placed  in- 
side the  transformer,  then  the  present  almost  universal  prac- 
tise would  have  to  be  abandoned.  It  seems  to  me  that  we  can 
count  on  reliable  coils  and  perhaps  the  risk  of  getting  water 
into  the  oil  is  not  very  much  greater  than  the  risk  of  getting 
air  into  the  external  system  through  the  piping  and  pump,  and 
that  of  course  would  be  a  very  serious  thing  with  these  high 
voltages. 

(e)  Continuous  filtering  of  the  oil  can  be  carried  out  whether 
the  transformer  is  cooled  by  natural  cooling  or  by  forced  cool- 
ing. It  would  be  impracticable  to  filter  the  main  flow  of  oil 
supplied  to  a  transformer  of  this  size  because  the  volume  is 
too    great. 

(f)  It  may  be  that  when  we  get  used  to  large  systems, 
having  these  high-voltage  transformers,  the  forced  circulation 
of  the  oil  may  appear  to  be  more  desirable  and  perhaps  cheaper 
than  it  has  heretofore,  but  experience  up  to  the  present  time 
really  does  not  indicate  it. 

I  happen  to  have  had  some  experience  with  a  14,000-kv-a. 
three-phase  transformer  which  is  cooled  with  a  forced  circula- 
tion of  the  oil  through  an  external  system.  This  is  quite  a 
little  smaller  than  a  35,000-kv-a.  or  40,000-kv-a.  single-phase 
unit  but  its  test  results  are  interesting  and  it  seems  as  though 
they  ought  to  be  useful  in  considering  the  forced  cooling  of 
large  transformers.  This  transformer  is  supplied  with  270 
gallons  of  oil  per  minute  and  is  circulated  by  means  of  a  pump 
driven  by  a  10-h.p.  motor.  The  maximum  temperature  at 
the  top  of  the  oil  is  51  deg.  cent,  and  at  the  bottom,  before  it 
enters  the  case,  45  deg.  making  a  difference  of  6  deg.  from 
bottom   to   top. 

Now,  if  that  same  transformer  were  cooled  in  the  more  usual 
way  with  water  circulated  in  internal  cooling  coils,  it  would 
require  approximately  60  gallons  of  water  per  minute  and  a 
pump  requiring  not  over  2  h.p.  to  drive  it.  The  temperature 
of  the  oil  at  the  top  would  be  51  deg.  cent.,  the  same  as  before, 
but  at  the  bottom  it  would  be  47  deg.,  a  difference  of  only  4  deg. 
from  bottom  to  top.  The  temperature  of  the  water  is  25  deg. 
cent,  in  both  cases. 
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The  interesting  points  here  are  that: 

(1)  The  difference  of  temperature  of  the  oil  from  bottom  to 
top  as  a  water-cooled  unit  is  only  two-thirds  of  what  it  is  as  a 
forced-cooled  unit.  This  means  that  the  circulation  of  the  oil 
is  about  50  per  cent  more  rapid  and  50  per  cent  greater  in 
volume  when  the  transformer  is  cooled  with  the  natural  circu- 
lation. This  is  a  good  illustration  of  the  rapid  flow  of  oil  in  a 
water-cooled  transformer,  which  I  said  a  moment  ago  periiaps 
is  not  fully  realized.  The  thermal  conditions  tending  to  pro- 
duce the  rapid  circulation  of  the  oil  in  a  water-cooled  unit,  are 
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all  present  when  it  is  operated  as  a  forced-cooled  unit,  but  the 
restriction  to  the  flow  of  the  oil  in  the  piping  and  the  extern^ 
cooling  coils  is  great  enough  to  pull  the  flow  down  to  about 
two-thirds  of  what  it  would  be  as  a  water-cooled  unit.  In 
other  words,  the  efficient  pumping  effect  of  the  thermal  head 
plus  the  external  pump  are  not  sufficient  to  produce  the  flow 
that  would  result  from  the  thermal  head  alone  simply  on  ac- 
count of  the  friction  head  of  the  external  system  and  the  only 
way  to  bring  the  circulation  up  to  a  par  with  the  natural  water- 
cooled  circulation  would  be  to  spend  an  unreasonable  amount 
of  money  on  the  external  piping,  pump  and  motor.  Now  this 
may  seem  surprising  to  some  but  when  one  stops  to  think  that 
it  requires  very  little  pressure  to  malte  the  oil  flow  up  through 
the  windings  and  to  return  it  down  the  sides  of  the  case  and 
that  it  requires  a  very  considerable  pressure  to  circulate  it 
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through  the  external  piping  and  cooling  coils,  the  results  are 
not  so  surprising,  

(2)  The  temperatures  are  more  uniform  under  the  natural 
cooling  condition  than  with  the  forced  cooling  condition  in 
this  transformer.  This  follows  as  a  natural  result  of  the 
greater  flow  of  oil. 

(3)  If  enough  money  were  spent  in  pump  and  motor  to 
double  the  flow  of  oil  that  exists  under  the  forced  cooling  con- 
ditions the  gain  in  maximum  oil  temperature  would  be  only 
1.5  deg.  over  the  natural  water-cooled  condition  and  the 
expense  of  this  undertaking  would  be  practically  prohibitive. 

Looking  at  this  problem  from  the  point  of  view  of  simplicity, 
it  would  seem  to  be  a  better  proposition  to  go  into  the  tank 
directly  with  the  cooling  medium  and  carry  the  heat  away 
rather  than  to  provide  means  for  removing  all  of  the  oil  with 
its  heat  units  from  the  tank,  carry  it  to  some  external  point 
and  there  extract  the  heat  and  then  return  the  oil  to  the  tank. 

Really,  the  big  problem  in  cooling  a  large  transformer  is  the 
problem  of  getting  the  heat  out  of  the  coils  into  the  cooling 
stream  of  oil,  and  usually  the  cooling  of  the  oil  itself  can  very 
easily  be  taken  care  of  without  resorting  to  the  forced  cooling 
system. 

After  we  have  studied  this  problem  of  cooling  unusually  large 
transformers  during  the  next  year  or  two,  perhaps  the  forced 
cooling  system  may  show  up  to  a  little  better  advantage.  I 
think  it  will  be  very  interesting  to  watch  the  developments  of 
the  next  few  years. 

Philip  Torchio:  I  am  representing  in  my  employment, 
central  stations.  I  want  to  say  from  the  start  that  the  central 
station  as  an  industry  don't  care  how  the  power  is  generated. 
Whether  they  generate  it  themselves  or  if  they  buy  it  from  out- 
side sources,  it  is  the  same  to  them.  The  central  stations  are 
purveyors  of  power  to  the  public  and  they  are  not  concerned 
about  the  question  of  selfish  motives  to  have  it  generated  lo- 
cally under  their  direct  control  or  from  an  outside  entity,  pro- 
vided  that  equal  cost  can  be  secured  and  equal  reliability  of 
service  can  be  given  to  the  customers. 

So,  in  commenting  on  the  interpretation  of  Mr.  Silver's 
paper  in  the  broad  generalization  and  application  to  the  solu- 
tion of  the  power  problem  of  the  nation,  I  want  to  put  an  em- 
phatic denial  on  record  that  the  central  stations  have  any  selfish 
motive  in  raising  any  question  or  any  objection  to  such  plan. 
In  fact,  the  question  of  securing  economical  advantages  of  tie 
connections  has  been  one  of  the  characteristics  of  the  central 
station  industry. 

In  the  particular  field  of  activity  of  my  people,  we  have  prob- 
ably been  leaders  in  the  interconnection  of  systems.  We  have 
had  interconnection  between  the  stations  of  the  lighting  com- 
panies and  the  railway  companies  since  1899  and  they  have 
been  added  thereto  from  year  to  year  so  that  all  the  stations 
in  that  territory  are  now  interconnected  in  one  system. 
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In  commenting  on  the  general  problem  of  power  supply  to 
the  nation,  as  the  time  is  short  I  want  to  refer  you  to  a  discus- 
sion I  presented  in  January  1918,  on  Mr.  Jackson's  paper. 
In  that  discussion  I  brought  out  emphatically  the  essen- 
tial necessity  for  the  states  east  of  the  Rocky  Mountains  to 
develop  to  the  highest  degree  the  steam  power  plants.  The 
question  of  utilization  of  water  power  is  secondary.  We  have 
very  little  water  power  available  east  of  the  Rocky  Mountains, 
except  at  one  location,  the  Niagara  and  St.  Lawrence  River, 
and  for  the  application  of  those  powers  I  also  made  certain 
suggestions,  which  I  think  should  be  given  serious  considera- 
tion by  the  Congress  Committee  if  such  a  Committee  is  ap- 
pointed. 

Now  in  our  daily  studies  of  supplying  power  to  important 
centers  or  important  industries,  we  are  meeting  daily  with  the 
question  "Can  you  as  safely  transmit  it  ten  miles  away?  If 
you  have  to  cross  a  river,  wouldn't  it  be  better  for  us  to  have  a 
station?"  Now  here  comes  a  suggestion  to  go  250  or  300 
miles.  I  don't  think  that  the  public  is  much  concerned  on  the 
theoretical  savings  that  can  possibly  be  made  by  having  the 
power  delivered  from  a  distant  point,  two,  three  or  four  hundred 
miles,  versus  the  power  generated  locally,  which  may  be  a  de- 
ference of  one-tenth  of  a  cent  per  kilowatt  hour.  They  are 
more  concerned  that  the  power  be  reliable,  continuous. 

In  1911 1  presented  a  paper  to  the  Turin  International  Con- 
gress on  the  latest  development  of  high-tension  transmission 
which  was  then  120,000  volts.  Being  a  delegate  of  the  Asso- 
ciation of  Edison  Companies,  I  transmitted  to  the  Association 
the  paper  presented  at  the  Congress,  with  a  supplemental  re- 
port, headed  "What  the  Central  Station  Can  Gain  from  the 
Latest  Development  of  High- Voltage  Transmission."  While 
the  report  did  not  state  specifically  the  location,  still  it  covered 
the  territory  between  Boston  and  New  York,  a  part  of  the 
territory  that  Mr.  Murray  has  described.  I  recommend  that 
that  paper  be  considered,  because  it  gives  the  values  of  what 
you  can  gain  and  visualizes  the  relative  advantages. 

Returning  to  the  point  of  reliability  of  service,  Mr.  Murray 
says  the  plan  contemplates  using  the  existing  stations  for  peak 
loads.  I  assume  that  in  a  district  like  Greater  New  York  the 
peak  load  would  occur  in  the  winter  months,  usually  between 
November  and  February,  and  I  imagine  that  during  that  period 
the  stations  would  be  under  steam.  I  don't  understand  what 
Mr.  Murray  had  in  mind  about  the  summer  months.  I  imag- 
ine that  he  would  use  the  transmitted  power  when  the  loads 
are  light,  as  during  the  summer  months,  when  the  loads  are 
normally  about  60  or  70  per  cent  of  the  maximum  winter  load. 
It  may  interest  you  to  know  that  on  June  20th,  1919,  a  few  days 
ago,  at  four  o'clock,  out  of  the  clear  sky,  suddenly  darkened, 
we  got  the  highest  load  in  the  history  of  our  company. 
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Now  how  could  the  customers  be  supplied  from  a  peak  sta- 
tion, shut  down?  It  would  be  impossible.  We  will  have  to  keep 
those  stations  under  steam.  Now  when  you  keep  stations 
under  steam  you  have  a  great  loss  in  banking  fires  and  radia- 
tion, and  those  losses  must  be  considered. 

A  valuable  paper  has  been  presented  to  the  Smithsonian 
Institution  by  Mr.  Pogue  and  another  writer,  emphazing  the 
necessities  of  this  power  problem  and  the  necessities  of  having 
power  transmission  lines  the  same  as  we  have  passenger  and 
freight  communication  lines. 

But  I  think  one  thing  is  overlooked,  that  we  must  use  coal 
to  generate  our  power.  It  makes  very  little  difference  in  the 
saving  of  coal  if  we  generate  the  power  at  the  mine  or  if  w^e 
generate  it  at  tide-water  or  in  Chicago.  The  only  possible 
saving  is  of  lightening  the  load  on  the  railroads. 

The  point  I  have  made  in  my  quoted  remarks  is  that  by 
keeping  up  the  development  of  the  central  stations  as  we  are 
doing  it,  securing  for  our  increment  power  the  high  efficiencies 
of  which  Mr.  Murray  speaks,  and  we  concentrate  all  our  com- 
bined efforts  along  the  lines  whidi  the  central  stations  are  fol- 
lowing, we  will  get  out  from  coal  all  there  is  in  it,  the  same  as 
if  we  generated  the  power  at  the  mine.  Our  goal  must  be  to 
concentrate  all  efforts  to  prevent  the  small  uneconomical  plant 
from  generating  power.  Those  are  the  people  that  use  the 
thirty,  forty  and  fifty  pounds  of  steam.  We  must  also  stop 
the  trunk  raiboads  from  using  from  one  hundred  and  twenty- 
five  to  one  hundred  and  fifty  millions  of  tons  of  coal  a  year  at 
5  per  cent  efficiency. 

Now  if  we  generate  that  power  in  our  stations  and  we  realize 
with  these  intercompany  ties  that  I  was  proposing  eight  years 
ago,  we  will  secure  all  the  advantages  that  Mr.  Murray  points 
out,  and  we  will  give  to  the  customer  a  more  reliable  service 
than  if  we  tried,  to  supply  it  with  power  over  long  distance 
transmission  lines. 

The  time  is  short  and  I  want  only  to  emphasize  this  feature, 
that  the  central  stations  are  not  advocating  from  a  selfish  stand- 
point the  higher  development  of  theiY-  plants,  but  they  are  logi- 
cally fulfilling  a  line  of  economic  development.  If  we  carry 
out  that  development  we  will  reduce  from  one-half  to  two- 
thirds  the  freight  for  power  coal  on  our  railroads.  Then  the 
gradual  electrification  of  trunk  railroads  will  double  their  car- 
rying capacity  and  the  question  of  congestion  of  traffic  will  be 
solved  in  a  logical  way  and  in  a  saving  way. 

S.  W.  Mauger  and  R.  M.  Spurck:  The  importance  of  the 
subject  and  the  advantages  shown  by  Mr.  Silver  in  the  use  of 
220-kv.  transmission,  warrants  some  comments  from  the  stand- 
point of  the  designing  engineer  and  we  are  therefore  presenting 
the  following  remarks  on  line  insulators,  switching  devices  and 
relays,  confirming  Mr.  Silver's  conclusions. 

1.  Although  it  is  believed  that  the  values  shown  in  Fig.  9 
for  the  dry  flash-over  voltages  of  insulator  strings,  is  somewhat 
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low  for  strings  of  8  units  and  more,  the  values  which  it  is  be- 
lieved are  more  nearly  correct,  are  not  enough  higher  to  neglect 
the  additional  advantages  that  can  be  obtained  from  grading. 
Such  grading  appears  to  be  practically  feasible.  The  use  of 
shields,  however,  offers  many  mechanical  difficulties  that  would 
make  the  results  obtainable  not  worth  the  added  complication. 

Very  little  reduction  in  the  flash-over  voltage  of  strings  of 
units  is  expected  when  such  strings  are  combined  in  multiple. 
Attention  is  called  to  the  probable  mechanical  difficulties  in- 
volved in  shielding  strings  of  multiple  units. 

We  believe  that  a  great  part  of  the  insulator  trouble  noted  by 
Mr.  Silver,  has  been  confined  to  insulators  having  cemented-on 
metal  fittings.  Practically  no  trouble  has  been  experienced 
with  the  link  type  of  insulator,  which  has  no  cement  and  whose 
design  is  such  that  the  insulating  section  is  maintained  in  com- 
pression. 

The  completion  of  the  development  of  new  designs  of  hard- 
ware promises  further  extension  in  the  use  of  existing  designs  of 
link  insulators  which  already  have  a  service  record,  indicating 
that  they  are  suitable  for  220-kv.  transmission  with  the  moder- 
ate mechanical  loads  ordinarily  required. 

For  higher  mechanical  loads,  a  similar  insulator  of  much 
more  rugged  design  and  capable  of  handling  the  heaviest  me- 
chanical load  estimated  for  the  present  220-kv.  transmission 
problems  is  being  developed. 

2.  Eliminating  low-tension  switching  is  a  big  step  in  reduc- 
ing the  complication  involved  with  such  large  units  as  are  re- 
quired for  economical  operation  at  220-kv.  and  the  saving  will 
go  a  long  way  toward  paying  for  the  increased  cost  of  the  high- 
voltage  switching  apparatus. 

This,  of  course,  can  only  apply  to  generating  stations,  but 
in  substations  the  voltage  to  which  the  transformers  are  stepped 
will  be  high  enough  to  obviate  the  very  heavy  currents. 

As  Mr.  Silver  brings  out,  the  handling  of  very  heavy  cur- 
rents involves  more  difficulty  aside  from  the  question  of  space, 
than  the  handling  of  veiy  high  voltages. 

3.  Mr.  Silver  makas  an  apparently  bold  recommendation 
regarding  protective  equipment,  but  with  the  great  saving  in 
line  conductor  cost,  we  can  possibly  afford  to  spend  a  little  of 
this  saving  in  making  our  insulation  proof  against  over  volt- 
age.    This  is  at  least  worthy  of  careful  consideration. 

4.  As  far  as  oil  circuit  breakers  and  line  disconnecting 
switches  aie  concerned,  we  have  found  no  design  problems  that 
cannot  be  worked  out  and  the  perfonnance  of  the  apparatus 
predicted  with  a  fair  degree  of  accuracy  from  designs  and  per- 
formance data  on  similar  apparatus  for  lower  voltages,  namely, 
those  voltages  between  100  kv.  and  155  kv. 

In  oil  circuit  breakers  for  220-kv.  in  order  to  obtain  the  de- 
sired insulation,  it  is  necessary  to  have  excee<lingly  large  tanks 
on  account  of  the  large  breaks  between  contacts  and  large  clear- 
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ances  between  contacts  and  tank,  and  we  believe  therefore, 
that  it  is  advisable  to  have  a  smaller  and  very  strong  arcing 
chamber  which  will  relieve  the  tanks  from  stresses  occasioned 
by  opening  large  amounts  of  power.  These  explosion  chambers 
also  are  very  efficacious  in  breaking  the  arc  because  in  their 
design  the  pressure  of  the  gas  is  utilized  to  a  good  advantage 
in  blowing  fresh  oil  through  the  arc  stream,  thereby  assisting 
in  effecting  a  prompt  extinction  of  the  arc.  Such  breakers  can 
be  supplied  with  two  or  four  breaks  per  phase,  with  four  break 
design  having  all  four  breaks  in  one  oil  vessel  or  preferably  two 
bres^  in  each  of  two  oil  vessels. 

5.  220-kv.  air  break  disconnectors  must  necessarily  occupy 
considerable  space,  which  of  course  involves  diflSculty  in  de- 
sign and  operation  as  well  as  expensive  structures  for  support- 
ing the  switches.  We  cannot  hope  for  any  change  in  these 
conditions,  but  it  is  felt  that  the  conditions  can  be  met  with  en- 
tirely operative  and  rugged  designs,  even  if  necessary  to  open 
the  exciting  current  of  a  transformer.  It  is  not  recommended, 
however,  that  this  should  be  done  except  on  the  small  capacity 
transformers.    The  following  types  have  been  suggested: 

(a)  Combination  knife-blade  arc-horn  type  with  two  blades 
in  series  operated  simultaneously  and  mounted  on  rigid  in- 
sulators.   The  blade  opens  upward. 

(b)  Underhung-blade  type  supported  from  link  suspension 
insulators,  the  blade  opening  downward. 

(c)  Knife  blade  type  with  hinge  end  supported  partly  on 
insulating  bushing  of  transformer  or  oil  circuit  breaker  and 
partly  on  a  separate  rigid  insulator  which  is  revolved  or  other- 
wise moved  to  operate  the  switch  and  the  other  end  supported 
by  a  rigid  insulator  on  the  tower  structure.  The  blade  opens 
downward. 

The  type  mentioned  above  first  is  the  only  type  we  would 
recommend  for  opening  with  exciting  current  flowing.  The 
second  type  with  the  proper  mechanical  design  can  probably 
be  made  to  give  the  most  reliable  service  from  standpoint  of 
insulation,  because  link  insulators  without  cement  can  be  used, 
thereby  eliminating  troubles  attributed  to  cement. 

6.  It  is  gratifying  to  know  that  Mr.  Silver  recognizes  the 
great  progress  that  has  been  made  in  relay  development. 
From  the  standpoint  of  relay  application,  there  is  no  more  rea- 
son to  anticipate  difficulty  with  a  220-kv.  system  than  with  one 
of  lower  voltage. 

J.  C.  Parker:  I  take  it  that  the  comments  by  Mr.  Torchio 
are  not  intended  in  disparagement  of  the  very  large  social  vis- 
ion that  Mr.  Murray  has  given  us  of  the  implications  of  this 
paper  on  the  220-kv.  transmission,  rather  that  they  are  in- 
tended as  a  warning  and  a  possible  encouragement  and  incen- 
tive to  the  profession  as  a  whole  to  tackle  the  large  proposition 
of  the  super-power  development  as  an  integral  matter,  rather 
than  as  a  sx)ecialized  line  of  development. 
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I  think  it  is  very  satisfactory  to  the  electrical  engineers  that 
Mr.  Murray  has  pointed  out  to  us  an  opportunity  for  a  social 
relation  for  our  technical  work.  I  think  electrical  engineers  in 
the  past  have  had  occasion  to  feel  that  particularly  the  civil 
engineers  have  had  a  greater  social  relation  in  such  things  as 
matters  of  transportation  and  sanitation  than  have  we  elec- 
trical engineers. 

The  problem  of  coal  conservation  as  affected  by  these  super- 
voltages  and  super-power  lines,  it  seems  to  me,  divides  itself 
naturally  into  two  parts,  one  which  is  technical,  tiie  otJier  which 
is  more  or  less  political.  Those  two  parts  are  incidentally  con- 
cerned with  the  things  that  are  internal  to  the  industiy  and 
peculiarly  within  the  hands  of  the  electrical  engineers,  and 
those  things  which  are  external.  Whatever  we  may  do  in  the 
way  of  technical  improvement  in  getting  higher  voltage  lines, 
lines  capable  of  transmitting  at  high  voltages  and  at  hi^ 
economies,  will  be  utterly  nullified,  as  pointed  out  by  A&. 
Torchio  this  morning,  unless  an  inducement  may  be  created 
for  the  ultimate  user  to  take  the  power  so  economically  gener- 
ated and  transmitted. 

Mr.  Torchio  is  quite  right  in  the  statement  that  if  you  wipe 
out  the  entire  marginal  cost  of  steam  power  production  you 
have  done  no  good  toward  getting  economical  coal  usage,  unless 
the  ultimate  consumer  can  find  a  selfish  interest  in  such  utiliz- 
ation. Now  that  does  not  mean  that  these  higher  voltage  lines, 
these  large  projects  necessarily  fail  to  attain  the  end.  It  sim- 
ply means  that  we  must  be  spurred  toward  very  large  efforts 
in  the  direction  of  securing  the  one  thing  that  is  essential,  con- 
tinuity of  service.  With  these  very  large  systems,  with  large 
centers  of  population  dependent  on  the  service,  continuity  l^ 
comes  preeminently  the  requirement,  and  much  more  so  than 
even  in  our  metropolitan  systems  of  today.  I  don't  think  that 
that  need  discourage  us.  There  is  opportunity,  there  is  hope 
for  the  right  sort  of  development. 

Mr.  Silver  has  pointed  out  one  line  that  must  be  pursued, 
that  of  simplicity.  Much  of  the  discouragement  in  our  high- 
tension  transmissions  in  the  past  has  been  due  to  the  fact  that 
we  did  not  sharply  differentiate  between  a  transmission  system 
and  a  distribution  system.  These  super-power  lines  cannot  be 
tapped  for  every  small  community.  We  will  probably  have 
intermediate  voltage  lines  for  distributing  to  the  smaller  com- 
munities. 

I  believe  also  that  Mr.  Murray  pointed  out  the  importance 
of  a  multiplicity  of  generating  points  on  a  relatively  simple  sys- 
tem. Where  that  sort  of  thing  has  been  done  with  sudi  volt- 
ages as  140  kv.,  continuity  of  service  has  been  attained.  On 
the  other  hand,  the  profession  as  a  whole,  if  it  is  going  to  ac- 
complish this  very  large  social  program,  must  devote  to  it  a 
great  deal  of  effort.  We  must  make  our  utilization  apparatus 
simpler  and  cheaper.    We  must  make  the  means  of  distribution 
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much  more  economical/with  a  marginal  generation  at  as  low  as 
0.2  of  a  cent  in  the  pre-war  days,  the  distribution  companies 
were  the  thing  that  stood  between  cheap  coal  utilization  and 
sales  to  the  customers.  There  is  a  big  problem  for  even  the 
application  engineer  whereby  he  ties  himself  to  this  program 
oi  national  conservation. 

W.  S.  Murray:  Mr.  Torchio  raised  some  very  interesting 
and  very  valuable  points,  indeed,  and  I  thought  it  possible 
that  an  impression  might  have  been  conveyed  that  in  the  study 
of  this  matter  we  rather  considered  we  had  plenty  of  hydraulic 
power  in  this  region.  Now  I  want  to  draw  your  attention  to 
the  fact  that  at  first  blush  the  study  shows  that  there  is  a  de- 
mand of  some  seventeen  million  horse  power,  of  which  ten  is 
industrial  and  seven  is  required  for  the  raikoads. 

Now  the  actual  amount  of  hydroelectric  development  avail- 
able for  what  you  might  call,  economic  application,  is  some- 
where around  a  million,  and  so  there  is  not  a  very  great  deal  of 
hydroelectric  power  available  as  it  stands.  In  other  words, 
just  as  Mr.  Torchio  pointed  out,  the  steam  will  carry  the  heavy 
end — 93  per  cent  steam,  7  per  cent  hydroelectric.  May  be 
later  as  we  extend  the  line  up  into  Maine  and  South  down  to 
Richmond,  we  will  strike  into  the  Northern  and  Southern 
hydroelectric  powers,  and  the  percentage  of  water  power  will 
be  increased,  but  it  is  primarily  now  a  steam  problem,  a  problem 
of  getting  the  highest  economies  out  of  steam. 

That  was  just  the  point  I  wanted  to  bring  up  for  fear  you 
thought  perhaps  we  were  thinking  of  the  development  of  the 
hydroelectric  feature. 

Next  is  with  regard  to  the  point  Mr.  Torchio  raised  concern- 
ing a  day  that  might  come  along  in  the  middle  of  a  low  load  sea- 
son which  would  reach  right  up  to  the  maximum  of  the  high. 
We  have  got  to  look  at  this  thing  away  out  there  and  not  right 
in  front  of  us.  We  have  got  to  keep  our  minds  far  ahead  and 
with  this  super-power  system  installed  one  or  two  units  quickly 
thrown  into  service  would  meet  the  conditions  Mr.  Torchio  has 
described.  It  is  just  because  of  the  lack  of  it  today  that  we  are 
at  times  embarrassed.  His  argument  "against"  is  truly  "for" 
when  we  view  this  matter  broadly. 

I  agree  that  these  great  steam  stations  are  preferably  to  be 
located  in  the  large  centers,  such  as  New  York,  or  Boston,  or 
Philadelphia,  etc.  Mr.  Torchio  is  absolutely  right  along  those 
lines,  but  we  must  not  lose  sight  when  we  have  done  that,  of 
the  fact  that  this  tremendous  super-power  transmission  at 
220-kv.  is  the  interlink  between  all  those  large  centers,  and 
provides  a  means  to  supply  the  very  customers  that  Mr.  Torchio 
pointed  out  we  must  reach  and  therefore,  while  entirely  agree- 
ing with  him  that  his  load  centers  are  correct  it  should  be 
remembered  that  the  super-power  transmission  ties  in  those 
load  centers  and  make  them  more  effective,  permitting  us 
opportimity  to  create  a  high  load  factor  for  a  regional  instead 
of  a  city  plant. 
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Now  just  remember  the  house.  Then,  after  the  house,  the 
city.  Then  the  district,  then  the  territory,  and  now  the  region 
and  that  is  all  this  proposition  is;  to  establish  a  twelve  pound 
line  in  this  region.  We  are  on  the  verge  of  large  things,  and  it 
is  within  the  vision  of  those  large  things  and  within  tihe  vision 
of  practicability  that  we  do  the  larger  things  in  a  more  efficient 
way  than  the  smaller. 

J.  C.  Clark:  The  San  Francisco  Section  has  organized  a 
local  Conunittee  on  Railway  Electrification,  includmg  in  its 
membership  a  number  of  the  best  electrical  engineers  of  the 
community.  The  Committee  was  organized  about  the  first  of 
April,  1919,  and  has  been  holding  meetings  every  two  weeks 
since  that  time.  One  object  of  the  Committee  is  to  gather  all 
the  data  they  can  get  in  the  way  of  actual  figures  of  power  con- 
sumed in  railway  operation,  such  thin^  as  maximum  load 
swings,  demands  upon  lines  to  carry  trains  at  all  times,  and 
load  factors.  In  this  latter  connection  it  is  quite  siuprising 
and  gratifying  to  hear  Mr.  Murray  state  that  the  load  factor 
on  his  regional  trunk,  due  to  railroad  operation,  will  run  as  hij^ 
as  75  per  cent.  No  such  high  load  factor  has  been  predicted 
by  our  people  for  the  California  mountain  divisions. 

Among  other  subjects  which  are  being  studied  is  the  amount 
of  potential  water  power  in  the  Pacific  Coast  States,  especially 
in  California;  the  amount  of  fuel  oil  used  by  railroads;  and 
more  technical  topics  such  as  the  practicability  of  disi)atching 
trains  with  special  attention  to  load  factor. 

The  plan  of  the  Committee  is  not  to  engage  in  political  activ- 
ity unless  called  upon.  The  Committee  wish  to  be  prepared 
so  that  they  will  have  all  the  facts  and  figures  at  their  disposal 
which  they  may  need  in  order  to  assist  any  legislative  body  in 
studying  the  problems  of  conservation  of  fuel  in  their  district. 
P\iel  oil  in  California  is  going  very  fast. 

Some  of  us  do  not  look  for  the  initiative  in  railway  electrifica- 
tion to  come  from  the  railways.  It  is  rather  remarkable  that 
the  matter  of  railway  electrification  has  been  studied  in  tihe 
past  almost  exclusively  from  the  railway  standpoint.  It  is  felt 
that  we  need  not  hope,  certainly  not  in  the  near  future,  for  any 
considerable  move  for  railroad  electrification  from  our  railroads. 
One  reason  that  has  been  apparent  to  some  of  us  is  that,  in 
these  days  of  regulation  of  such  utilities  as  railroads,  it  is  a 
growing  practise  to  insure  a  reasonable  return  to  the  railroads, 
or  any  utility,  on  its  investment. 

Now,  if  the  railroads  are  assured,  say,  8  per  cent,  it  perhaps 
removes  one  of  the  incentive  toward  more  economical  operation. 
If  that  return  is  assured  in  any  case,  it  is  not  quite  apparent 
why  they  should  strive  to  improve  their  methods— at  least  not 
from  the  point  of  view  of  the  fuel  conservationist.  It  seems  to 
many  of  us  to  be  up  to  the  public  to  insist  upon  railway  elec- 
trUication,  and  with  the  attitude  of  being  prepared  for  a  public 
movement  for  railway  electrification,  we  are  getting  together 
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all  the  data  we  can  to  enable  us  to  be  in  a  position  to  offer  such 
assistance  to  legislative  bodies  as  may  be  asked. 

Mr.  Silver  expresses  some  apprehension  about  insulators. 
He  has  a  good  reason  for  this  in  view  of  the  universally  bad  ex- 
perience with  the  cemented  type  of  insulator.  Fortunately, 
however,  there  are  some  very  good  operating  data,  covering  a 
period  of  perhaps  ten  years,  on  another  type  of  insulator.  I 
refer  to  the  original  suspension  insulator  known  as  the  Hewlett. 
The  failures  in  the  cemented  type  of  insulator  have  not  been 
due  primarily  to  electrical  causes  but  to  mechanical  cracking 
and  absorption  of  moisture.  Electrical  failures  follow.  The 
cracking  may  be  caused  by  expansion  of  the  cement  or  of  tightly 
fitting  metal  parts.  The  presence  of  the  cement  greatly  aids 
in  the  absorption  of  moisture  by  porous  porcelain  in  contact 
with  it.  The  absorption  is  apparently  due  to  breathing.  In 
the  Hewlett  type  the  metal  parts  are  strung  loosely  through 
glazed  cable  ways.  I  have  recently  had  occasion  to  examine 
many  insulators  of  this  type  having  a  ten  year  service  record 
with  inappreciable  loss.  Electrical,  mechanical,  and  porosity 
tests  showed  no  depreciation.  Some  of  the  old  original  units 
that  gave  perfect  service  were  poorly  made  compared  to  present 
standards.     This  speaks  well  for  the  design. 

It  may  be  necessary  to  grade  the  strings  of  insulators  used 
on  these  high-voltage  lines  to  lower  the  stress  on  the  line  unit. 

In  regard  to  the  transformers,  I  believe  decidedly,  that  all 
high-voltage  neutrals  should  be  grounded  without  resistance. 
With  proper  precautions  there  should  be  no  difficulty  with  tele- 
phone operation.  The  connection  will  in  general  be  Y-delta 
to  prevent  tripple  frequency. 

There  are  some  advantages  and  many  disadvantages  in  high- 
tension  switching.  The  number  of  these  switches  should  be  re- 
duced to  a  minimum. 

As  transmission  voltages  are  increased,  the  number  of  times 
that  lightning  voltages  exceeding  operating  voltage  are  induced 
on  the  line  in  a  given  season  will  decrease. 

The  question  naturally  arises  whether  it  will  pay  to  install 
lightning  arresters.  While  it  is  probably  true  that  a  lightning 
arrester  gap  on  a  220-kv.  line  would  discharge  only  at  infre- 

3uent  intervals,  great  damage  might  be  done  if  it  were  absent 
uring  these  intervals.  If  it  is  assumed  that  the  transient  volt- 
age is  limited  to  the  gap  setting,  it  can  be  shown  that  about  five 
times  the  insulation  is  necessary  to  make  the  apparatus  equally 
safe  without  a  lightning  arrester.  When  the  arrester  is  ab- 
sent the  voltage  is  limited  by  the  line  insulation.  The  turn 
insulation  probably  receives  relatively  greater  transient  stresses 
on  very  high-voltage  lines  than  on  moderate  voltage  lines.  A 
lightning  arrester  is  decidedly  desirable  if  its  cost  is  commen- 
surate with  the  cost  of  other  apparatus.  Consideration  must 
also  be  given  to  the  enormous  energy  involved. 

F.  C.  Hanker:  The  field  of  the  220-kv.  system  is  appar- 
ently limited,  as  pointed  out  by  Mr.  Silver,  to  trunk  line  service 
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where  we  have  long  distance  transmission  and  heavy  blocks  of 
power.  That  would  be  the  natural  conclusion,  based  dn  pres- 
ent analysis  of  costs,  the  development  of  the  necessary  trans- 
forming and  switching  equipments  involved  in  the  hne  con- 
struction. It  would  naturally  hold  for  pioneer  installations 
but  if  we  look  back  on  the  history  of  transmission  voltage,  we 
find  parallel  situations  in  the  steps  of  110-kv.  to  154-kv-a.  It 
has  only  been  a  few  years  since  110-kv.  was  discussed  as  a  hij^ 
voltage  for  transmission,  while  today  it  is  so  common  that  it 
may  be  considered  almost  in  the  class  of  distribution  voltages. 

The  frequency  of  60  cycles  selected  for  the  studies  is  in  Tine 
with  present  tendencies  toward  the  establishment  of  this  fre-. 
quency  as  the  standard  frequency  of  power  supply  in  this  coun- 
try. A  general  analysis  of  the  factors  entering  into  a  decision 
as  to  the  best  frequency  to  adopt  in  any  specific  case  will  show 
that  the  increase  in  60-cycle  systems  is  a  natural  one  and  is  one 
that  will  undoubtedly  continue  at  an  accelerated  rate. 

The  existing  transmission  systems  that  are  operating  at  high 
voltages  above  110-kv.,  have  layouts  that  in  general  require 
regulation  at  one  load  center  so  that  it  is  usually  possible  to 
adjust  operating  voltages  at  the  generator  station  to  correspond 
to  the  requirements  at  the  load  center  and  in  this  way  keep  the 
investment  in  synchronous  condensers  to  a  minimum.  In 
the  case  of  trunk  line  service  where  a  mumber  of  generator 
stations  and  different  load  centers  are  involved,  the  mainte- 
nance of  satisfactory  voltage  regulation  at  all  points  becomes 
more  of  a  problem  and  it  is  usually  more  economical  to  supple- 
ment the  synchronous  condenser  installation  with  synchronous 
boosters  or  the  equivalent,  such  as  induction  regulators.  This 
is  particularly  true  where  systems  tie  in  with  existing  city  sys- 
tems that  have  standards  established,  making  it  necessary  to 
maintain  closer  voltage  regulation  than  is  permissible  on  some 
of  the  pioneer  lines  such  as  exist  in  the  West. 

With  the  relatively  high  investment  in  lines  and  substation 
apparatus  it  is  important  that  full  capacity  be  available.  This 
makes  regulating  apparatus  at  tap  points  desirable  in  order  to 
reduce  the  circulating  currents  to  a  minimum.  We  have  re- 
viewed cases  where  parallel  lines  were  involved  in  which  it  was 
desirable  to  provide  independent  regulation  for  each  circuit. 
This  was  due  to  unequal  loading  at  tap  points  that  would  have 
resulted  in  excessive  circulating  currents  had  the  two  lines  been 
paralleled  at  both  ends  and  regulation  obtained  by  synchronous 
condenser  equipment.  It  would  also  have  cost  very  much 
more  to  control  by  the  use  of  synchronous  condensers  than  by 
boosters  or  equivalent  regulating  schemes.  This  condition 
would  obtain  on  projects  such  as  have  been  proposed  for  trunk 
lines  along  the  Atlantic  Coast  tieing  in  the  different  existing 
power  stations.  To  be  of  value  it  should  be  possible  to  trans- 
fer power  in  both  directions,  which  would  mean,  in  the  case 
where  synchronous  condensers  were  used,  installations  at  each 
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end  of  capacity  to  give  the  full  range  of  regulation.  This  con- 
dition can  be  better  fulfilled  by  the  use  of  sufficient  synchronous 
condenser  capacity  to  provide  for  operation  at  the  most  eco- 
nomical power  factor  and  take  care  of  the  additional  regulation 
by  some  other  method." 

With  the  installations  under  consideration,  the  capacity  of 
the  regulators  that  would  be  required  would  be  larger  than 
have  been  built  of  the  usual  type  of  induction  regulator.  There 
has  been  developed,  however,  a  combination  of  the  step  type 
and  induction  type  that  would  be  feasible  for  the  capacities  in- 
volved. In  this  regulator  the  objectionable  features  of  the 
straight  step  type  regulator  have  been  eliminated  in  that  no 
switdiing  is  done  with  circuits  having  difference  of  potentials, 
and  as  a  result,  sparking  is  avoided.  The  short-circuit  stresses 
that  have  been  a  limiting  feature  in  the  design  of  induction 
regulators  are  avoided,  in  that  only  a  small  percentage  of  the 
total  short-circuit  current  is  handled  by  the  regulator. 

The  kv-a.  required  to  charge  the  lines  of  the  length  that  have 
been  considered  in  the  studies  becomes  of  importance  due  to 
the  effect  on  the  generator  excitation.  A  normal  design  of 
generator  such  as  would  be  installed  would  have  a  short-circuit 
ratio  of  approximately  unity,  that  is,  with  the  excitation  re- 
quired to  give  normal  voltage  at  no  load,  the  sustained  short- 
circuit  current  would  be  approximately  full-load  current.  In 
the  studies  made,  80,000  kv-a.  is  given  as  required  to  charge 
the  line  so  that  it  would  only  be  necessary  to  supply  20  per  cent 
external  excitation  to  excite  the  full  100,000  kv-a.  in  generators 
to  normal  voltage.  There  will  undoubtedly  be  times  when 
only  one  generator  will  be  available  to  supply  a  line,  and  under 
this  condition,  the  charging  kv-a.  would  exceed  the  capacity  of 
generating  apparatus.  This  would  take  the  control  of  the 
voltage  out  of  the  hands  of  the  operators  and  result  in  abnormal 
voltages  on  the  transmission  line. 

This  condition  is  not  of  importance  when  operating  under 
the  usual  loads,  but  must  be  considered  where  high-voltage 
switching  is  involved. 

In  commenting  on  the  design  features  of  220-kv-a.  station  and 
substation  equipment  the  paper  points  out  that  the  studies 
have  developed  that  current  design  principles  and  materials 
now  in  ordinary  use  will  be  employeSd.  This  is  encouraging 
after  reviewing  the  analysis  that  has  been  made  of  the  prob- 
lems encountered  in  laying  out  the  other  parts  of  the  system. 
While  the  margin  on  sate  operating  voltage  is  probably  greater 
than  is  apparently  the  case  with  the  line  construction,  it  is  rec- 
ognized that  new  problems  exist  and  the  manufacturers  appre- 
ciate the  importance  of  these  problems.  They  are  not  content 
to  be  satisfied  with  the  present  conditions  but  feel  that  just  as 
careful  analysis  and  research  is  fully  warranted  and  should  be 
undertaken  to  ensure  the  success  of  this  higher  voltage  system. 

The  problems  have  been  classified  as  of  two  types,  those  due 
to  the  hi^  voltage  of  itself  and  those  due  to  the  enormous 
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pacities  involved.  The  insulation  problems  in  the  stations  are 
concentrated  where  greater  expense  is  justified  in  providing 
the  margin  in  safety  that  is  essential. 

The  conclusion  that  all  line  switching  should  be  done  on  the 
high-voltage  side  will  probably  find  opposition  but  if  future 
investigation  confirms  this  statement  it  will  simplify  tiie  switch- 
ing problem.  In  accepting  the  recommendation,  it  should  be 
recognized  that  this  method  of  operation  will  subject  the  trans- 
formers to  higher  stresses  than  in  the  case  of  low-tension  switch- 
ing. It  is  true  that  the  potentials  resulting  from  switching  are 
of  the  same  order  as  those  the  apparatus  would  have  to  stand 
from  static  disturbances  or  other  transients  that  may  occur  on 
transmission  lines,  but  they  probably  occur  more  frequently. 
On  the  110-kv.  and  154-kv.  systems,  we  have  heard  of  no  serious 
results  from  the  high-voltage  switching,  yet  this  point  must  be 
taken  into  consideration  in  laying  out  a  system  on  the  hi^ar 
voltage.  With  the  operating  conditions  that  have  been  as- 
sumed it  would  be  well  to  consider  arrangements  wherein  tihe 
step-up  transformers  and  the  step-down  transformers  are  con- 
sidered as  a  unit  and  operated  as  such.  This  does  not  neces- 
sarily mean  that  the  apparatus  must  be  operated  in  parallel  on 
the  low-tension  side  at  the  generating  station,  as  the  layout  can 
be  so  arranged  as  to  provide  for  what  is  essentially  unit  opera- 
tion. 

In  investigating  breakdowns  that  have  occurred  on  lower  po- 
tential circuits,  we  have  obtained  results  that  indicated  that 
the  cuirent  was  ruptured  in  the  oil  breaker  at  a  rate  several 
times  the  normal  frequency.  If  this  condition  holds  for  low 
voltages  with  relatively  short  travel  of  the  contacts  and  short 
arcs,  it  must  be  more  severe  at  high  potentials  with  correspond- 
ingly long  arcs. 

H.  R.  Summerhayes:  Figs.  1  and  2  of  Mr.  Silver's  paper 
show  a  comparison  of  the  cost  of  the  line  construction,  total 
operating  cost  for  154,000  volts  and  220,000  volts,  and  at  first 
it  seems  as  if  more  of  a  gain  should  be  made  on  220,000  volts  in 
spite  of  the  increased  cost  of  the  towers,  etc.,  which  is  incurred 
by  the  higher  voltage,  but  in  realitv  the  comparison  is  between 
170,000  and  220,000  because  170,000  as  stated  in  the  footnote 
is  the  voltage  at  the  generating  end  of  the  line,  just  as  220^000 
is  the  generating  end  voltage,  and  I  think  that  the  comparison 
is  really  between  those  two  voltages  and  not  between  150,000 
and  200,000. 

R.  P.  Jackson:  Mr.  Silver's  statement  that  there  is  no 
type  of  insulator  as  yet  developed  that  has  thus  far  demon- 
strated its  ability  to  give  adequate,  or  even  reasonably  satisfac- 
tory results  on  high-voltage  lines  is  an  exceedingly  severe  in- 
dictment of  the  sus])ension  insulator  considering  the  amount 
of  power  now  l)eing  actually  carrieil  by  conductors  hung  on 
such  insulators.  ''Reasonably  satisfactoi-y*'  is  a  relative  term 
and  if  defined  as  being  as  satisfactory  for  example  as  the  steel 
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towers  on  which  the  insulators  hang,  the  statement  is  doubtless 
correct. 

In  reading  Mr.  Silver's  paper,  it  is  obvious  that  he  has  some 
serious  misgivings  as  to  the  insulators  for  the  high-voltage  hi^- 
power  lines  proposed,  and  with  good  reason.  A  link  of  nine  to 
eleven  ft.  between  the  line  and  the  tower  appears  altogether  too 
long.  Six  feet  would  be  possible  as  a  pillar  to  support  discon- 
necting switches.  Further,  a  strain  tower  taking  up  the  ten- 
sion of  the  three  lines  in  both  directions  apparently  requires  six 
strings,  each  of  fifteen  insulators  for  each  conductor  anchor. 
This  means  6  X  15  X  6  =  540  insulator  disks  per  strain  tower. 
This  strikes  one  as  a  monstrosity. 

In  the  first  place  it  would  seem  to  the  writer  that  the  use  of 
15  disks  in  series  is  unduly  conservative  on  a  solidly  grounded 
neutral  line  that  limits  the  voltage  to  130,000.  Ten,  or  at  the 
most  twelve,  should  be  sufficient  with  say  a  7  in.  spacing.  This 
would  give  a  string  about  6.5  to  7  ft.  long  and  reduces  the  in- 
equality in  stress  distribution. 

When  it  comes  to  2900  pounds  as  a  maximum  load  on  the 
ordinary  disk  insulator,  Mr.  Silver  is  not  unduly  conservative. 
Such  an  extraordinary  proposition  calling  for  such  loads  as  Mr. 
Silver  describes  demands  something  larger  and  stronger  in  an 
insulator  than  anything  now  on  the  market. 

The  present  types  of  insulators  have  been  developed  to  meet 
certain  prevailing  conditions.  In  fact,  some  operating  men 
state  that  for  their  use  the  usual  cap  and  pin  insulator  is  unnec- 
essarily strong.  It  is  undesirable  to  use  a  size  and  tj^e  of 
insulator  developed  for  the  low  stress  conditions  of  ordinary 
transmission  lines  for  these  new  and  much  more  severe  condi- 
tions. It  certainly  ought  to  be  possible  to  make  up  an  insu- 
lator good  for  twice  the  stress  of  the  ordinary  unit,  thus  reduc- 
ing the  parallel  strings  for  a  conductor  anchor  from  six  to  three. 

Just  which  of  the  three  types  enumerated  by  Mr.  Silver 
would  lend  itself  most  readily  and  most  safely  to  increase  in 
strength  is  somewhat  debatable,  but  it  would  seem  that  the 
interlinked  tj^e  in  some  form  would  offer  somewhat  the  best 
starting  point,  judging  from  what  can  be  readily  obtained  now 
in  strain  balls  for  guy  wires. 

It  is  to  be  hoped  that  no  effort  will  be  spared  to  do  something 
in  this  direction  before  resorting  to  the  use  of  such  a  multiplic- 
ity of  insulator  units  as  the  present' standard  designs  would 
appear  to  demand. 

The  writer  would  personally  commend  Mr.  Silver's  judgment 
in  regard  to  lightning  protection  in  retaining  the  overhead 
guard  wires  and  eliminating  the  lightning  arresters.  As  to 
something  in  the  nature  of  choke  coil  protection  against  surges 
of  steep  wave  front,  one  does  not  feel  so  sure.  That  largely 
depends  on  how  well  built  are  the  high-tension  windings  of  the 
transformers. 

H.  B.  Dwight:  The  statement  in  Mr.  Silver's  paper  that 
the  frequency  of  60  cycles  should  be  chosen  for  an  important 
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generating  and  transmission  system,  even  where  there  is  a 
large  present  25-cycle  load,  seems  a  logical  and  proper  conclu- 
sion. As  stated  in  the  paper,  the  frequency  of  60  cycles  is  su- 
perior to  that  of  25  cycles  for  the  general  supply  of  energy,  and 
therefore  any  means  which  will  tend  toward  the  increased  use 
of  60  cycles  is  a  step  toward  standardization  of  the  right  kind. 

It  may  be  interesting  to  note  some  of  the  main  items  of  extra 
expense  entailed  by  choosing  60  cycles  for  the  generating  and 
transmission  system  where  the  greater  part  of  the  load  is  25- 
cycle.  Many  residence  districts  and  street  lighting  loads  can 
be  changed  to  60  cycles  at  very  small  expense.  Many  25-cycle 
transformers  can  be  connected  in  two  parallels  and  operated 
at  60  cycles  at  increased  capacity.  For  power  circuits,  it 
would  be  possible  to  provide  frequency-changer  sets  for  a  large 
part  of  the  total  system  load. 

The  cost  of  the  motors  of  the  frequency-changer  sets  should 
not  be  charged  to  the  fact  that  60  cycles  was  diosen,  because 
they  take  the  place  of  the  synchronous  condensers  which  would 
have  been  needed  for  a  system  of  this  kind,  as  stated  in  Mr. 
Silver's  paper.  Although  transmission  is  usually  considered  easier 
at  25  cycles  than  at  60  cycles,  the  advantage  almost  entirely 
disappears  when  synchronous  condensers  are  used  to  eliminate 
voltage  variation.  Practically  the  same  rating  of  condensers 
is  needed  for  a  25-cycle  line  as  for  a  60-cycle  line,  for  the  same 
results  in  a  certain  case.  Although  there  is  less  voltage  drop' 
to  be  overcome  in  the  case  of  the  lower  frequency,  there  is  less 
reactance  to  work  on  by  the  condensers. 

It  might  be  questioned  whether  the  motor  of  a  frequency- 
changer  set  would  be  as  effective  for  voltage  control  as  a  syn- 
chronous condenser  of  the  same  rating.  The  answer  is  in  the 
affirmative  if  the  load  power-factor  is  as  low  as  80  per  cent,  the 
motor  of  the  set  being  operated  at  nearly  unity  power-factor  at 
full  load,  and  at  a  load  power  factor  at  no  load,  of  such  a  value 
as  not  to  endanger  its  stability  of  operation. 

Therefore,  if  a  large  part  of  the  load  be  supplied  with  25- 
cycle  energy  through  frequency-changers,  it  would  not  be  nec- 
essary to  scrap  the  25-cycle  apparatus  in  use,  and  yet  new  in- 
stallations could  be  supplied  with  energy  directly  from  the  60- 
cycle  transformers  and  so  could  enjoy  the  advantages  of  better 
choice  of  motor  speeds,  better  lighting  and  cheaper  and  more 
standard  apparatus  of  all  kinds. 

Thus,  at  the  time  of  building  a  new  generating  and  trans- 
mission system,  by  the  additional  expense  of  the  generating  end 
of  the  frequency-changers,  and  a  small  duplication  of  distribu- 
tion circuits,  representing  an  extremely  small  percentage  of 
the  cost  of  the  system,  a  25, 30,  or  50-cycle  system  could  be  put 
in  the  way  of  gradually  becoming  a  60-cycle  system. 

J.  F.  Peters:  There  area  number  of  factors  that  enter 
into  the  design  of  apparatus  suitable  for  operating  on  a  system 
as  large  and  as  high  a  voltage  as  the  one  proposed  by  Mr. 
Silver,  that  I  wish  to  comment  on  briefly. 


19191  DISCUSSWS  AT  LAKE  PLACID  1121 

Referring  to  page  1086  under,  Design  Featxires,  I  note  that  the 
author  states,  "The  handling  of  electrical  potentials  of  220,000 
volts  does  not  appear  to  involve  any  disturbing  complications 
or  uncertainties.  In  fact,  the  manufacturers  do  not  recognize 
that  any  serious  problem  exists."  Although  that  is  true  to  a 
certain  extent,  I  wish  to  point  out  that  there  are  several  factors 
which  become  of  major  importance  in  designs  for  high  voltage, 
which  for  low  voltage  are  of  no  consequence  whatever. 

In  the  design  of  low- voltage  apparatus,  it  is  not  necessary  to 
take  into  consideration  the  electrostatic  field,  whereas  on  high- 
voltage  apparatus  that  becomes  the  most  important  factor  in 
the  design.  Considerable  work  on  the  distribution  of  electro- 
static field  in  transformers  and  methods  of  controlling  that 
distribution  has  been  done  by  Mr.  Fortescue,  some  of  the  re- 
sults of  his  work  have  been  presented  before  the  Institute. 

Under  high-voltage  switching,  I  wish  to  call  attention  to  the 
fact  proven  by  experience  that  there  are  more  or  less  high  volt- 
ages produced  by  switching.  The  magnitude  of  these  voltages 
and  their  relation  to  the  applied  voltage  is  not  definitely  known. 
There  is  a  question  in  my  mind  as  to  the  advisability  of  high- 
voltage  switching  on  anything  as  high  as  220,000  volts  on  ac- 
count of  that  uncertainty. 

Under  transformer  connections,  I  am  pleased  to  note  that 
the  author  has  recognized  the  decided  advantages  that  there 
are  in  the  star  connection.  In  addition  to  the  advantages  that 
he  has  stated,  I  might  add  that  this  connection  results  in  trans- 
formers being  smaller  and  more  efficient  on  account  of  the  lower 
voltage  that  is  developed  in  the  windings,  consequently  less 
insuIatioQ  of  inactive  material. 

With  reference  to  limiting  size  of  transformers,  referred  to 
on  page  1090,  from  my  experience  on  the  design  of  large  trans- 
formers, I  have  found  that  the  mechanical  stresses  due  to  short- 
circuit  currents  are  not  serious  for  high  voltage.  The  short- 
circuit  stresses  are  not  nearly  as  severe  in  transformers  for  high 
voltage  as  they  are  for  the  same  size  units  on  lower  voltages. 
The  reason  for  this  is  that  the  density  of  the  leakage  field  is 
much  less  on  the  former.  My  experience  indicates  that  the 
factor  that  limits  the  size  of  transformer  units  is  transportation 
and  handling  facilities.  Those  limits  are  not  only  due  to  over- 
all dimensions,  that  is  railway  clearances,  but  for  units  of  the 
size  suggested  by  the  author,  they  approach  the  limit  of  carry- 
ing capacity  of  even  special  cars. 

On  the  top  of  page  1092  the  author  refers  to  the  relative 
amoimt  of  insulation  for  the  line  and  grounded  ends  of  trans- 
formers. I  do  not  believe  that  he  means  to  infer  that  extra 
insulation  is  not  necessary  between  turns  on  the  grounded 
end  of  the  transformer.  It  is  true  that  the  electrical  stresses 
between  turns  on  the  grounded  end  are  somewhat  less  than  for 
the  line  end,  but  they  are  considerably  greater  than  within 
the  body  of  the  winding.     I  believe  that  the  insulation  be- 
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tween  turns  should   be  correspondingly  reinforced  for  both 
ends  of  the  transformer. 

F.  F.  Brand :  I  am  glad  to  see  that  Mr.  Silver  has  decided 
so  definitely  on  the  use  of  grounded  "Y"  connection.  There 
is  no  doubt  that  for  high-voltage  transmission  this  connection 
which  preserves  a  definite  voltage  relation  of  the  lines  to  ground 
and  by  which  the  possible  voltage  oscillations  set  up  by  arcing 
grounds  are  greatly  minimized,  is  the  best  connection. 

This  connection  is  made  almost  necessary  by  the  decision  to 
do  all  of  the  switching  on  the  high-voltage  side,  since  the  trip- 
ping out  of  one  phase,  either  by  failure  of  switches  or  inability 
to  close  and  open  all  three  phases  at  the  same  time,  does  not 
produce  a  greatly  unbalanced  electrostatic  condition. 

The  argument  that  the  grounded  Y  connection  increases  the 
hazard  due  to  short  circuits,  line  failures,  etc.  damaging  tJie 
apparatus  by  mechanical  stresses,  is  not  of  great  moment  be- 
cause on  such  high-voltage  systems  the  reactance  of  the  trans- 
formers and  of  the  line  must,  of  necessity,  be  so  high  that  the 
current  would  be  Hmited  to  a  few  times  normal  throu^  any 
piece  of  apparatus. 

The  use  of  the  grounded  Y  connection  would  permit  appre- 
ciable savings  in  the  design  of  transformers  since  less  insulation 
is  necessary  to  ground,  and  it  is  not  necessary  to  insulate  all 
points  of  the  winding  to  ground  to  the  maximum  extent. 

I  believe  in  general  that  the  insulation  to  ground  in  the  high- 
voltage  transmissions  can  be  reduced,  since  the  probability  of 
over-voltage  due  to  lightning,  etc.  becomes  less  and  less  as  the 
voltage  of  the  system  increases. 

I  believe  our  standard  Institute  test  of  twice  the  line  voltage 
plus  1000  volts,  is  unnecessarily  high  for  the  higher  line  volt- 
ages irrespective  of  whether  the  systems  are  isolated  or  grounded 
and  I  think  that  it  would  be  much  more  logical  to  adopt  a 
graded  test  value  in  which  the  factor  of  safety  in  test  would  be 
appreciably  higher  for  the  low- voltage  units  than  for  the  higher- 
voltage  units.  Where  grounded  Y  connections  are  used,  the 
test  should,  I  believe  be  slill  further  reduced,  at  least  in  the 
higher  voltage  lines.  If  both  transmitting  and  receiving  neu- 
trals are  permanently  and  effectively  grounded,  it  would  ap- 
pear that  we  could  regard  the  transmission  system  essentially 
as  three  single-phase  systems  and  could  with  safety,  permit 
such  test  values  as  are  ordinai'ily  given  for  grounded  single- 
phase  systems. 

I  have  taken  the  liberty  of  drawing  up  suggested  curves  of 
test  voltage  for  both  isolated  and  gi*ounded  systems  which  give 
a  graded  test  depending  on  the  line  voltage.  See  Figs.  3  and 
4. 

The  conclusion  that  the  high  lest  values  now  applied  are  not 
necessary  for  high-voltage  apparatus  is  borne  out  by  the  fact 
that  there  are  a  number  of  installations  in  operation  of  old 
transformers  in  which  the  test  value  was  only  1.5  times  the  line 
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voltage  although  I  believe  that  some,  if  not  all  of  these  systems 
are  operated  grounded  Y,  and,  further,  it  has  not  been  the  prac- 
tise in  the  past  to  insulate  step-down  transformers  with  a  rated 
voltage  lower  than  rated  voltage  of  the  step-up  transformer  to 
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the  same  value,  the  insulation  being  based  entirely  on  the  rated 
voltage.  It  would  appear  that  all  apparatus  on  a  given  system 
or  circuit  should  be  insulated  to  the  same  value.  As  a  matter 
of  fact,  under  light  load  conditions  the  step-down  transformers 
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are  frequently  subjected  to  an  even  higher  voltage  than  the 
step-up  machines,  and  since  these  step-down  transformers  have 
withstood  such  conditions  without  failure,  it  would  appear 
unnecessary  to  insulate  a  step-up  machine  to  such  a  high  value 
as  is  our  present  practise. 
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With  Mr.  Silver's  conclusion  to  omit  the  use  of  protective 
equipment,  I  am  not  so  much  in  sympathy.  Lightning  ar- 
rester equipment  in  general  protects  the  apparatus  against  ex- 
cessive voltages  to  ground.  It  is  not  as  truly  selective  to 
frequency  to  the  extent  which  we  desire  but  it  should  be  borne 
in  mind  that  lacking  any  protective  equipment  to  discharge 
over  voltages  to  ground,  the  apparatus  will  be  subjected  to 
surges  originating  or  applied  to  the  windings  at  a  higher  voltage 
than  if  the  proper  protective  equipment  were  connected. 

With  proper  protective  equipment,  failures  to  ground  on 
high-voltage  apparatus  are  extremely  rare  as  pointed  out  pre- 
viously, such  failures  as  do  occur  usually  being  internal  failures 
between  coils  or  turns  caused  by  local  high  voltages.  Undoubt- 
edly without  protective  equipment,  the  apparatus  would  have 
to  be  insulated  not  only  to  withstand  greater  voltage  to  ground 
but  against  higher  local  voltages  which  occur  due  to  oscillations 
or  waves  of  steep  front. 

I  do  not  feel  that  it  would  be  safe  to  use  apparatus  without 
protective  equipment  unless  the  insulation  was  increased  some- 
thing in  the  order  of  50  per  cent  over  that  otherwise  required- 

On  the  curves  attached  I  have  shown  values  which  would 
be  derived  if  the  test  values  suggested  were  increased  50  per 
cent  te  take  care  of  the  cases  without  protective  equipment! 

C.  F.  Harding:  Although  Mr.  Peek  has  pointed  out  in  the 
discussion  of  Mr.  Silver's  paper  that  the  corona  loss  on  such 
a  line,  where  the  amount  of  energy  transferred  is  large,  will  be 
rather  a  small  item,  yet  Mr.  Silver  has  given  considerable  at- 
tention to  that  subject  and  I  want  to  mention  briefly  a  point 
which  I  think  is  worthy  of  consideration  in  connection  with 
that  loss.  As  I  understand  it,  Mr.  Silver  has  based  his  cal- 
culations upon  the  formula  developed  by  Mr.  Peek,  presented 
to  the  Institute  a  number  of  years  ago.  If  I  remember  rightly, 
that  formula  was  derived  from  test  voltages  extending  up  m 
the  neighborhood  of  140  or  150  kv.  The  speaker  presented  a 
paper  about  seven  years  ago,  on  the  subject  of  corona  loss  on 
transmission  lines  which  checked  very  closely  the  Peek  data  up 
to  about  150  kv.,  but  departed  therefrom  materially  between 
150  and  180,  or  190-kv.,  seeming  to  indicate  that  above  150-kv. 
values,  it  might  be  desirable  to  introduce  new  constants  into 
the  formulas.  These  calculations  in  the  neighborhood  of  220 
kv.  may  therefore  be  slightly  in  error,  and  it  is  hoped  that  in 
the  near  future  some  new  data  will  be  available  in  that  range. 

Also,  very  little  has  been  done  in  connection  with  corona  to 
ground.  It  was  found  in  some  investigations  with  which  I 
have  been  familiar,  that  where  the  lower  wire  is  in  fairly  close 
proximity  to  the  ground,  as  must  necessarily  be  the  case  with 
these  long  spans  and  wide  spacings  with  the  9-ft.  strings  of  the 
insulators,  there  is  a  relatively  large  loss  between  the  lower 
wire  and  ground,  due  to  corona.  It  may  be  necessary,  there- 
fore, in  some  of  the  future  designs,  even  to  go  to  the  extreme 
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measure  of  putting  each  conductor  on  a  separate  relatively 
light  tower  line,  separating  the  conductors  by  means  of  separate 
towers. 

So  much  has  been  said  about  the  different  types  of  con- 
ductors, copper,  copper-clad  and  reinforced  aluminum,  it  would 
seem  well  worth  while  in  the  future  to  study  the  possibilities  of 
steel  tubing,  making  the  diameter  of  the  conductor  relatively 
large  and  keeping  the  tensile  strength  high,  the  resistivity  of 
the  metal  used  being  of  relatively  small  importance. 

With  regard  to  the  question  of  bushings,  although  those  have 
been  mentioned  in  connection  with  transformers,  little  has 
been  said  about  roof  bushings  or  wall  bushings,  used  out  of 
doors.  It  probably  will  be  necessary  to  use  bushings  with 
a  much  lower  factor  of  safety  upon  such  lines  than  those  which 
are  being  used  upon  the  140  and  110-kv.  lines.  In  connection 
with  the  new  600,000-volt  laboratory  installation  at  Purdue 
University,  with  which  we  hope  to  make  some  tests  upon  ex- 
perimental lines  and  insulators  in  the  very  near  futxire,  we  have 
had  difficulty  in  getting  our  lines  through  the  building  with 
anything  available  at  present  in  the  way  of  bushings,  even 
with  a  great  reduction  in  the  factor  of  safety.  Of  coiu'se,  Mr. 
Silver's  paper  anticipates  new  designs  available  in  the  futurie, 
but  I  think  the  factor  of  safety  will  have  to  be  cut  down  ma- 
terially. 

F*  W.  Peek:  Regarding  Mr.  Harding's  comments,  my 
1910  corona  loss  measxirements  were  made  up  to  almost  250  kv. 
The  voltage  range  under  discussion  was  thus  actually  covered. 
Very  little  would  be  gained  by  placing  the  conductors  on  single 
towers  and  separating  them  a  considerable  distance.  The  loss 
occurs  due  to  high  dielectric  flux  density  at  the  surface  of  the 
conductor.  The  flux  density  depends  upon  the  surface,  or 
diameter  of  the  wire,  and  the  capacity.  The  capacity  is  not 
greatly  reduced  by  increasing  the  spacing.  The  greatest  re- 
duction in  flux  density  or  stress  can  be  made  by  increasing  the 
diameter  of  the  conductor. 

I  do  not  think  that  the  bushing  problem  is  serious.  We 
have  used  bushings  up  to  about  750  kv.  without  difficulty. 

J.  A.  Koontz:  High-tension  power  transmission  at  220  kv. 
has  been  a  problem  confronting  the  western  engineers  for  sev- 
eral years.  While  to  date  it  is  not  a  reality,  I  firmly  believe 
that  lines  will  be  operating  at  such  a  voltage  before  many  years. 
In  fact,  had  it  not  been  for  the  war  and  consequent  difficulties 
in  financing  large  hydroelectric  developments  in  the  past  two 
years,  I  believe  that  such  a  system  would  now  be  operating  on 
the  west  coast. 

Mr.  Silver's  statement  is  quite  true  that  such  high  voltage 
has  a  limited  field  and  can  be  used  economically  only  where 
large  blocks  of  power  must  be  transmitted  over  long  distances. 
The  trend  of  voltage  increase  in  the  past  ten  years  has  shown 
that  with  increased  voltage  it  has  been  possible  to  get  increased 
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reliability.  This  is  due  largely  to  raising  the  factor  of  safety 
all  along  the  line.  Following  this  trend,  and  by  carefully  work- 
ing out  all  the  details,  I  believe  the  same  high  service  standard 
could  be  incorporated  in  a  220-kv.  transmission  system  and 
still  show  economy  with  improved  reliability. 

Some  of  the  real  problems  to  be  solved  where  there  may  still 
be  some  doubt  are  those  of  corona,  insulation  and  proper  oil 
and  disconnecting  switches.  There  is  one  question  concerning 
corona  which  I  would  like  to  ask  Mr.  Silver,  and  that  is,  if  any 
tests  have  been  made  on  large  conductors  in  order  of  1  in.  in 
diameter  to  see  if  0.87  is  the  proper  conductor  irregularity 
factor,  as  from  some  preliminary  tests  made  at  Stanford  Uni- 
versity on  a  1  in.  37-strand  aluminum  conductor  it  would  ap- 
pear that  0.72  would  be  nearer  the  proper  value  than  0.87. 

On  pages  1049  to  1052,  Figs.  3  to  6,  are  shown  corona  loss 
curves  which  I  do  not  believe  would  represent  operating  con- 
ditions under  good  practise,  as  it  does  not  seem  to  me  logical 
to  hold  the  generator  voltage  constant  and  permit  of  receiver 
voltage  variations,  but  rather,  hold  a  constant  receiver  voltage 
and  increase  the  generator  voltage  when  necessary  to  take  care 
of  maximum  load  conditions.  In  this  manner^  the  customer 
will  not  be  subjected  to  a  line  drop  of  both  transmission  and 
feeders,  and  the  corona  loss  will  be  reduced. 

Fortunately,  the  Pacific  slope  weather  conditions  are  such 
that  mechanical  problems  are  greatly  reduced,  as  in  most 
cases  we  do  not  have  to  design  more  than  25  per  cent  of  our 
line  for  sleet  loading,  and  even  where  sleet  is  encountered 
we  do  not  have  to  take  care  of  such  heavy  load  conditions  as 
would  be  necessary  in  the  Eastern  climate. 

I  notice  in  the  tower  design  that  Mr.  Silver  has  left  only 
a  4-f t.  minimum  clearance  from  towers  when  insulators  are  de- 
flected to  their  maximum  condition.  This  does  not  seem  to 
me  ample,  as  from  experience  on  high-voltage  lines  on  this 
coast,  flash-overs  seem  to  be  the  principal  service  interruptions 
on  high-voltage  lines,  and  to  eliminate  this,  it  would  seem  nec- 
essary to  maintain  ample  clearance,  in  fact,  experience  would 
indicate  that  four  feet  would  be  a  minimum  for  150,000  volts, 
as  bringing  the  conductor  close  to  the  tower,  intensifies  the 
electrostatic  field,  and  unless  special  precautions  are  taken  the 
conductor  may  fire  with  corona  near  the  steel  tower  members, 
which  would  tend  to  aggi'avate  any  flash-over  conditions.  This 
is  a  point  which  seems  to  me  should  be  given  serious  considera- 
tion in  any  high-voltage  line  design. 

The  insulator  problem  is  certainly  ver>^  important  and  the 
exact  method  of  taking  care  of  same  is  one  which  will  probably 
present  as  difficult  a  problem  as  any  encoimtered.  With  a  long 
string  of  insulators  I  believe  grading  of  some  sort  will  he  essen- 
tial so  that  insulator  units  in  the  long  string  have  more  nearly 
the  same  voltage  impressed  across  each  one. 

The  question  of  automatic  operation  on  220-kv.  lines,  should 
be  given  veiy  serious  thought  before  attempting  same,  as  at  the 
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present  most  of  the  long  high-tension  lines  are  seldom  inter- 
rupted by  high-voltage  switching.  When  such  large  blocks  of 
power  are  essential  with  power  problems  of  this  magnitude,  I 
believe  the  generating  stations  and  substations  should  be  given 
greater  flexibility,  as  the  failure  of  a  piece  of  equipment  would 
necessitate  taking  out  such  a  large  block  of  power  that  I  think 
it  would  be  difficult  in  general  to  pick  up  this  power  on  the 
stand-by  steam  stations  in  order  that  there  might  be  no  serious 
interruptions  to  service,  or,  if  the  auxiliary  steam  stations  were 
kept  imder  condition  to  always  take  care  ot  such  a  shift  in  load, 
it  would  mean  imnecessary  fuel  expense.  I  have  thought  of 
the  possibility  of  attempting  to  group  the  transformers  and 
line  as  a  imit,  but  have  always  been  afraid  that  this  would  pre- 
sent operating  difficulties  regarding  proper  flexibility. 

The  question  of  omitting  all  arrester  equipment,  I  believe 
is  wise,  as  with  very  high  voltage  the  insulation  strength  is 
such  that  the  troubles  that  the  ordinary  lightning  arrester  would 
take  care  of  are  of  little  consequence,  and  I  believe  greater 
safety  would  result  in  omitting,  rather  than  installing,  any  of 
the  present  arrester  equipment. 

H.  G.  MacDonald:  The  modern  tendency  toward  large 
concentration  of  power  has  necessitated  a  revision  of  design  and 
radical  departures  from  previously  well-established  prec^ents. 
The  forms  of  construction  which  had  proved  adequate  during 
the  period  of  small  or  moderate  powers  are  entirely  insufficient 
for  mod^n  requirements.  Mechanical  structures,  form  and 
location  of  contact  elements,  and  speed  of  operation  have  all 
undergone  modifications. 

Best  modem  practise  tends  toward  a  construction  built  to 
withstand  considerable  internal  pressures,  as  guarantees  call 
for  several  repeated  operations  in  quick  succession  in  an  at- 
tempt to  locate  and  clear  short  circuits.  It  is  well  demonstrated 
that  the  maximum  need  of  heavy  construction  is  not  due  to 
the  shocks  of  the  actual  circuit  breaking  operation,  but  to  the 
formation  of  excessive  amounts  of  gas,  deterioration  and  dis- 
turbance of  oil  due  to  repeated  operations,  and  the  ultimate 
explosion  of  this  gas.  No  device  which  has  for  its  object  sim- 
ply the  confining  of  the  stresses  due  to  circuit  interruption 
without  considenng  the  incident  stresses  from  the  attendant 
phenomena  will  produce  a  breaker  which  can  be  considered  safe. 

Modem  breakers  of  moderate  interrupting  ability  will  usu- 
ally have  elliptical  tanks  with  bracing  across  the  bottom,  steel 
tops  held  by  tie  bolts  secured  to  the  bottom  bracing,  entirely 
enclosed  operating  mechanism,  leaving  a  comparatively  clear 
slightly  crowned  top,  light  moving  elements  permitting  of  high 
and  rapid  acceleration,  and  contacts  placed  well  below  the 
surface  of  the  oil,  and  so  shaped  as  to  reduce  voltage  discharge 
and  to  deflect  the  arc  and  the  attendant  gases  away  from  any 
insulating  surfaces.  Adequate  vents  will  be  located  in  such  a 
manner  as  to  facilitate  the  rapid  escape  of  the  gases  by  the  ere- 
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ation  of  a  draft  of  air  through  the  chamber  above  the  oil.  The 
elliptical  tank  gives  the  maximum  strength  for  a  given  space 
and  in  connection  with  the  overhung  steel  top  and  tie  rods, 
makes  a  construction  sufficiently  rigid  for  any  service  except 
the  very  heaviest  where  a  round  tank  construction  will  be  used. 
A  prime  consideration  in  successful  circuit  interrupting  is 
speed  of  opening.  As  the  time  during  which  the  arc  persists 
determines  the  amount  of  contact  material  vaporized,  the 
amount  of  oil  broken  up,  the  amount  of  gas  liberated,  and  con- 
sequently the  pressure  formed,  it  is  obvious  that  quick  open- 
ing is  highly  essential.  The  simple  means  of  accomplishing 
this  end  is  by  highly  accelerating  the  moving  element.  Where 
this  element  is  light,  this  will  be  readily  accomplished,  but 
when  the  moving  element  becomes  heavy,  and  a  long  travel  is 
necessary  to  obtain  the  proper  break  distance,  some  auxiliary 
means  must  be  used  to  quicken  the  contact  separation.  Quick 
break  contacts  have  been  added  to  certain  designs  of  br^dcer 
by  means  of  which  rapid  separation  of  the  arcing  contacts  is 
obtained  without  unduly  accelerating  the  entire  moving  mem- 
ber. Another  means  of  introducing  quickly  into  the  circuit 
the  necessary  insulating  distance  is  by  using  quadruple  break 
contacts  instead  of  the  ordinary  double  break.  By  producing 
all  four  of  these  breaks  simultaneously,  it  is  obvious  that  twice 
the  separation  is  obtained  within  a  given  time  as  compared  to 
the  double  break.  As  a  maximum  resort,  quadruple  quick 
break  contacts  afford  the  most  rapid  separation  obtainable 
under  present  designs.  The  quadruple  break,  when  used  in 
connection  with  the  round  tank  construction  accomplishes  in 
a  single  circuit  breaker  what  would  require  two  sets  of  pole 
units  in  series  in  the  case  of  the  oblong  flat-sided  tank,  and  at 
no  sacrifice  of  insulation  clearances,  and  in  combination  with 
the  maximum  mechanical  strength. 

A  circuit  breaker  for  220,000- volt  service  will  inherently  pos- 
sess a  large  interrupting  ability.  The  insulation  requirements 
will  very  largely  determine  the  physical  proportions  and  if  a 
consistent  design  from  a  purely  mechanical  standpoint  is 
worked  out,  a  structure  of  very  considerable  strength  will  re- 
sult. An  oil  tank  to  retain  the  volume  of  oil  required,  and  with 
fittings  and  covers  sufficiently  rigid  to  carry  the  operating 
means  and  the  contact  elements,  will  be  of  no  mean  propor- 
tions. By  comparatively  small  additional  reinforcement,  and 
by  the  use  of  suitable  material  at  vital  points,  a  structure  cap- 
able of  interrupting  very  large  amounts  of  power  will  be  pro- 
duced. As  so  much  stress  is  being  laid  on  continuity  of  service 
under  all  contingencies,  the  breaker  design  should  be  such  as 
to  insure  this  to  the  greatest  possible  extent.  The  only  safe 
course  is  to  make  the  whole  breaker  structure  sufficiently  strong 
to  care  for  the  maximum  stresses  which  might  occur  under  any 
conditions  which  might  reasonably  be  anticipated.  No  exist- 
ing method  of  ventilation  will  dispose  of  the  gas  with  absolute 
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certainty  that  no  explosion  will  occur  in  the  main  body  of  the 
breaker.  The  explosion  chamber  used  on  certain  designs  of 
breaker  does  not  eliminate  the  formation  of  gas.  This  gas  will 
presently  pass  into  the  air  chamber  above  the  oil  and  must  be 
disposed  of.  The  arrangement  of  details,  and  the  movement 
of  the  breaker  parts  present  the  possibility  of  the  arc  which 
originates  in  the  top  portion  of  this  explosion  cylinder  (the 
cylinder  being  practically  tight  at  the  top)  following  the  mov- 
ing contact  in  its  downward  travel,  expanding  as  it  goes,  and 
expelling  all  the  oil  before  it.  The  cylinder  is  now  filled  with 
incandescent  metallic  vapor  forming  a  conducting  path  for 
the  full  length  of  the  cylinder.  As  the  moving  contact  leaves 
the  cylinder  by  a  very  small  distance,  the  possibility  of  the 
formation  of  a  large  amount  of  gas  and  serious  damage  to  the 
breaker  seems  to  be  not  very  remote.  If,  on  the  other  hand, 
the  breaker  structure  entire  is  made  with  a  view  to  withstand- 
ing abnormal  pressures,  and  the  design  provides  for  a  rapid 
contact  separation  to  a  sufficient  distance  so  as  to  preclude  the 
possibility  of  the  arc  holding  through  the  distance,  the  maxi- 
mum safety  and  assurance  of  continuity  of  service  is  afforded. 

L.  B.  Chubbuck:  Referring  particularly  to  the  descrip- 
tion on  pages  1093  and  1094  of  proposed  220-kv.  oil  circuit 
breakers,  I  note  Mr.  Silver's  suggestion  of  breakers  with  rup- 
turing capacity  of  3,000,000  to  4,000,000  arc  kv-a.  We  have 
furnished  the  Ontario  Hydroelectric  Power  Company  with  a 
number  of  large  110-kv.  breakers  which  have  been  subjected  to 
very  heavy  short  circuits  and  believe  our  experience  may  be  of 
interest.  Three  Niagara  stations  are  interconnected  to  give 
a  combined  generator  capacity  of  nearly  200,000-kv-a.  and 
while  bus  reactors  are  used,  the  main  H.  T.  breakers  have  suc- 
cessfully handled  short  circuits  up  to  nearly  1,000,000  arc  kv-a. 
These  breakers  are  of  very  heavy  round  tank  construction  with 
motor  fans  on  each  tank  to  prevent  the  collection  of  an  ex- 
plosive gas  mixture  in  the  expansion  chamber. 

We  have  found  that  older  design  breakers  are  not  capable 
of  handling  such  service,  and  on  even  much  lighter  service  will 
smoke  badly  after  one  or  two  operations.  As  a  result  of  serious 
trouble  with  such  breakers  used  on  too  heavy  service,  the  neces- 
sity for  a  large  factor  of  safety  in  heavy  capacity  circuit  breaker 
design  cannot  be  emphasized  too  strongly. 

On  these  proposed  high-capacity,  high-voltage  power  sys- 
tems, out-door  breakers  are  recommended,  also  as  much  sec- 
tionalizing,  and  as  little  switching  at  the  generating  station  as 
I>ossible. 

J.  N.  Mahoney :  Commenting  on  the  problem  of  oil  circuit 
breakers  for  high-voltage  high-duty  service,  the  cylindrical 
form  of  tank  of  the  boiler  drum  type  has  particular  advantages. 
This  form  is  inherently  adapted  for  the  use  of  four  breaks  in 
series  per  pole  or  per  phase. 

When  properly  designed  this  form  of  tank  will  withstand  ex-  , 

plosion  of  hydrogen  or  hydro-carbon  gas  and  air  in  the  space  J 
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above  the  oil.  It  is  true  however,  that  good  design  also  in- 
cludes provision  for  removing,  displacing  or  neutralizing  such 
gases  and  preventing  their  slow  accumulation  to  any  consider- 
able pressure  as  an  explosive  mixture. 

Because  of  the  inherent  possibilities,  the  tank  design  should 
be  adequate  to  at  least  withstand  an  explosion  of  a  mixture  of 
hydrogen  and  air  at  atmospheric  pressure  with  a  reasonable 
factor  of  safety. 

There  should  be  no  difficulty  in  meeting  the  insulation  re- 
quirements with  present  well  tried  methods  and  materials. 
The  only  uncertainty  is  in  predicting  the  probable  voltage 
surges  to  be  met  when  such  a  large  system  is  disturbed  by  un- 
usual conditions. 

E.  B.  Meyer:  The  fundamental  consideration  underlying 
Mr.  Silver's  paper  on  220-kv.  power  transmission  is  the  eco- 
nomic utilization  of  our  fuel  and  water  power  resources  in  a 
manner  calculated  to  conserve  them  to  a  maximum  extent. 

During  the  period  of  the  war  the  need  of  conservation, 
coupled  with  the  necessity  for  a  maximum  useful  expenditure 
of  power,  made  this  subject  one  of  the  very  considerable  im- 
port. The  cessation  of  hostilities,  however,  has  relieved  the 
pressure  somewhat,  but  the  question  of  the  practicability  of 
high-voltage  trunk  lines  is  still  one  which  will  claim  the  atten- 
tion of  engineers  and  capitalists. 

It  is  not  my  intention  to  go  into  the  consideration  of  the  tech- 
nical features  of  the  220-kv.  transmission  project,  believing 
that  these  problems  can  be  solved  as  they  are  encountered. 

The  author  points  out  that  such  a  trunk  line  as  he  has  in 
mind  must  be  operated  at  a  very  high  load  factor,  the  loading 
per  circuit  being  100,000  kv.  or  higher. 

With  a  transmission  line  having  such  a  large  capacity,  con- 
tinuity of  service  becomes  at  once  the  primary  requisite  and  it 
is,  therefore,  necessary  to  take  into  consideration  the  fact  that 
spare  circuits  must  be  erected  to  insure  the  service. 

The  cost  of  this  insurance  to  the  service,  in  the  form  of  spare 
circuits,  increases  the  fixed  charges,  per  unit  of  energy  delivered 
very  materially,  and  it  is  doubtful  whether  a  system  operating 
less  than  three  or  four  lines,  delivering  in  the  neighborhood  of 
a  half -million  kv-a.,  could  bear  this  expense  and  still  prove  to 
be  an  attractive  financial  investment. 

The  generation  and  distribution  of  an  amoimt  of  power  of 
the  magnitude  indicated  as  necessary  to  the  financial  success 
of  such  an  enterprise  would  require  exceedingly  large  expendi- 
tures of  money  and  would  have  to  be  preceded  by  a  thorough 
and  radical  reorganization  of  the  engineering  policies  as  at 
present  contemplated  by  the  central  station  industry. 

In  arguing  for  the  erection  of  the  large  generating  stations  lo- 
cated in  the  coal  fields,  there  are  two  basic  considerations: 

First:  Savings  in  freight  charges  with  the  consequent  release 
of  railroad  equipment  for  other  uses. 
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Second:  The  opportunity  of  utilizing  low  grade  fuel  which 
would  not  be  worUi  transporting. 

There  is  some  doubt  as  to  the  feasibility  of  carrying  out  a 
project  of  this  nature,  except  on  an  exceedingly  large  scale,  as 
the  differential  in  favor  of  a  plant  at  the  distant  energy  source 
is  quite  small. 

The  erection  of  a  plant  in  the  coal  mining  district  for  instance 
would  require  that  the  following  factors  be  very  carefully  in- 
vestigated in  arriving  at  comparative  construction  and  opera- 
ting  costs: 

1.  Availability  of  cooling  water  and  possible  high  cost  of 
erecting  dams,  cooling  ponds,  etc. 

2.  Increased  cost  of  boiler  plant  to  provide  grate  and  furnace 
space  sufficient  to  bum  low  grade  fuel. 

3.  Cost  of  transmission  line  right-of-way  and  cost  of  con- 
structing and  maintaining  the  line. 

4.  Lane  losses  and  transformer  losses. 

5.  Labor  costs  and  housing  facilities  for  construction  and 
operating  force. 

C.  E.  Howell:  A  study  of  Mr.  Silver's  paper  appears  to 
definitely  bring  out  at  least  two  apparent  difficulties  to  be  met 
in  the  construction  and  operation  of  the  super-power  transmis- 
sion systems  of  the  near  future.  These  seem  to  me  to  be  a 
matter  of  human  inertia  and  commercial  conservation  rather 
than  lack  of  ideas.    These  two  points  are: 

First,  the  low  mechanical  strength  of  any  hi^-voltage  in- 
sulator now  on  the  market; 

Second,  lack  of  methods  of  protecting  a  large  portion  of  a 
transmission  system  from  the  effects  of  line  trouble  on  a  small 
section  of  it. 

The  practical  application  of  any  insulators  on  the  market  at 
the  present  time  probably  would  necessitate  the  use  of  the  usual 
disk  with  cap  and  pin,  or  the  insulator  known  as  the  "Hewlett 
Disk."  No  other  insulators  have  had  sufficient  application  to 
eradicate  apparent  defects.  These  two  types  have  an  ultimate 
mechanical  strength  so  low  that  it  would  undoubtedly  be  neces- 
sary to  limit  their  ultimate  load  to  approximately  3000  pounds 
per  string  of  insulator  units.  To  withstand  the  mechanical 
loads  which  will  be  impressed  on  insulators  on  high-voltage 
lines  of  the  future,  it  would  be  necessary  to  use  a  large  number 
of  strings  of  insulators  if  the  above  types  are  employed.  This 
would  necessitate  large  expenditures  for  insulators,  hardware, 
etc.,  as  well  as  increasing  the  dimensions  of  the  supporting 
structures  and  therefore  their  cost.  To  even  imagine  replacing 
a  defective  disk  in  a  six  string  tension  assembly  with  17  disks 
per  string  on  a  line  similar  to  the  one  described  by  the  author 
of  this  paper,  causes  one  to  pause. 

As  a  constructive  criticism,  it  is  suggested  that  the  present 
types  of  insulator  shapes  be  discarded  for  the  moment  and  sus- 
pension units  using  comparatively  large  amounts  of  porcelain 
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in  compression  to  permit  greater  working  loads  per  string  of 
units,  be  employed.  Small  diameter  insulators  for  low-voltage 
distribution  lines  and  for  guy  anchors  have  been  constructed 
on  this  principle  with  resulting  mechanical  strengths  of  com- 
paratively enormous  values,  and  it  is  believed  that  the  same 
ideas  may  be  extended  to  include  the  development  of  insulators 
for  use  on  high-voltage  large  capacity  lines.  It  is  to  be  hoped 
that  better  ideas  than  this  may  be  forthcoming  soon,  but  the 
above  suggestion  should  lead  to  a  departure  from  the  present 
practise  of  insulator  construction  and  perhaps  to  an  insulator 
worth  perfecting. 

The  great  transmission  systems  of  the  future  will  require 
better  systems  of  protection  from  line  trouble  than  those  now 
employed.  As  systems  and  interconnected  systems  become 
larger  and  larger,  difficulties  of  minimizing  effects  of  scattered 
short  circuits,  etc.,  on  the  whole  net  work  will  multiply.  The 
possibilities  of  obtaining  switching  equipment  to  successfully 
interrupt  short  circuits  on  individual  circuits  consisting  per- 
haps of  less  than  5  per  cent  of  a  system,  are  good,  but  means 
for  preventing  this  short  or  ground  from  demoralizing  the  re- 
maining 95  per  cent  of  a  larger  system  are  less  easily  perfected. 
Sooner  or  later  service  will  demand  some  method  of  nearly  in- 
stantaneously reducing  the  value  of  a  short  circuit  to  a  reason- 
able figure  (thus  not  effecting  the  remainder  of  the  system), 
and  later  disconnecting  the  circuits  in  trouble.  Most  certainly 
a  million  kilowatt  system  with  220  kv.  or  even  higher  kv.  trans- 
mission lines  will  not  be  permitted  to  lose  say  800,000  kw.  of 
its  load  because  some  small  portion  of  the  system  is  subjects 
to  a  "bump."  The  present-day  method  of  interrupting  a  por- 
tion of  the  system  in  trouble  and  at  the  same  time  effecting  the 
operation  of  the  remainder  for  perhaps  an  hour  or  more,  is 
analogous  to  applying  brakes  to  a  high  speed  train  in  such  a 
manner  that  the  tracks  become  unservicable,  thus  disrupting 
the  schedule  of  the  remainder  of  the  railroad  indefinitely,  al- 
though undoubtedly  stopping  the  train  in  question. 

It  is  suggested  as  a  means  of  accomplishing  the  results  which 
it  will  soon  be  necessary  to  obtain  in  operation,  that  switching 
equipment  be  so  designed,  constructed  and  arranged  that  it 
will  be  possible  to  nearly  instantaneously  insert  in  a  circuit  in 
difficulty  resistance  or  reactance,  or  a  combination  thereof,  be- 
fore interrupting  such  circuits.  This  would  relieve  the  remain- 
ing portion  of  the  system  of  some  of  the  effects  of  the  short 
circuit.  This  scheme  will,  undoubtedly,  be  recognized  as  the 
idea  which  was  intended  to  be  employed  in  the  reactance  type 
of  oil  switch  which  was  placed  on  the  market  several  years  ago, 
and  which  has  had  a  more  or  less  successful  career.  It  is  be- 
lieved that  either  resistance  or  reactance,  or  a  combination 
thereof,  may  be  employed  to  perform  the  function  suggested 
above,  but  that  it  will  be  necessary  to  liberally  construct  the 
switching  equipment  employing  this  feature,  in  order  that  me- 
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chanical  difficulties  may  be  prevented.  This  may  necessitate 
employing  two  switches,  or  two  separate  switching  elements  in 
one  switch,  or  a  switch  containing  two  separate  elements  and 
the  reactance  or  resistance. 

There  are  undoubtedly  other  and  better  ways  of  solving  this 
problem  but  whatever  they  may  be,  it  is  to  be  hoped  that  better 
means  of  switching  large  capacity  systems,  than  now  employed, 
may  soon  be  available. 

T.  B.  Parker:  In  the  design  of  steel  towers  for  transmission 
lines,  it  has  been  found  necessary  to.  fit  each  type  of  tower  to 
definite  conditions,  which  shall  as  nearly  as  possible  represent 
the  requirements  of  actual  operation.  As  in  the  paper  under 
discussion,  it  is  usual  to  specify  three  sets  of  design  loadings; 
(1)  a  vertical  load,  representing  the  dead  weight  of  structures 
and  conductor  and  the  effect  of  vertical  angles;  (2)  a  trans- 
verse, horizontal  load,  representing  the  direct  over-turning 
effect  of  wind  and  horizontal  angles;  and,  (3)  a  torsional  load 
to  provide  for  the  effect  of  broken  wires  and  unbalanced  load- 
ing. 

In  view  of  the  large  savings  that  can  be  made  by  small 
changes  in  detail,  it  is  desirable,  when  possible,  to  subject  each 
tower  type  to  actual  tests.  It  is  best  to  make  test  loads  iden- 
tical with  design  loads,  and,  for  the  sake  of  simplicity,  to  con- 
sider each  set  of  loads  as  separately  applied.  This  means  that 
a  tower  will  be  designed  for  the  maximum  stress  produced  by 
any  one  of  the  three  non-simultaneous  sets  of  loadings. 

Line  towers,  however,  are  normally  subjected  to  loads  which 
are  not  purely  vertical  or  horizontal,  but  a  combination  of  both. 
It  is  therefore  necessary  to  know  the  effect  of  many  different 
load  combinations  upon  each  type  of  tower,  before  choosing 
the  proper  type  for  each  location.  To  determine  these  effects 
requires  much  study,  while  their  neglect  may  result  in  danger 
to  the  line,  or  in  loss  of  economy. 

It  is  evident  that  separate  design  and  test  loads  do  not  lend 
themselves  to  convenient  use  in  line  design,  while  combined 
test  loads  would  needlessly  complicate  the  procedure  and  make 
comparisons  difficult.  The  solution  would  appear  to  be  the 
use  of  separate  design  and  test  loads,  with  the  addition  of  com- 
bined loads,  each  made  up  of  definite  proportions  of  the  original 
vertical  and  horizontal  loadings.  Thus,  a  tower  designed  to 
carry  non-simultaneously  certain  vertical  and  horizontal  loads 
might  also  be  required  to  support  three-quarters  of  the  hori- 
zontal load,  together  with  one-half  of  the  vertical.  Two  or 
three  such  specified  combinations  suffice  to  definitely  establish 
the  characteristics  of  a  tower  and  to  clearly  define  its  limitations. 

This  method  has  the  advantage  of  retaining  the  separate, 
non-simultaneous  test  loads,  but  extends  the  design  work  to 
cover  mutually  consistent  combinations.  Possibilities  of  over- 
load are  avoided,  and  greater  economy  secured  by  taking  advan- 
tage of  the  maximum  strength  of  towers  under  all  conditions. 
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J.  B.  Crane:  The  paper  presented  by  Mr.  Silver  is  very 
important  at  this  time  as  it  points  out  one  way  in  which  large 
systems  can  be  interconnected  to  secxire  the  maximum  advan- 
tages of  diversified  loads. 

On  page  1087  the  author  shows  a  typical  diagram  and  it  is 
suggested  that  it  might  be  possible  to  cutout  the  220-kv.  bus  at 
the  main  substation  and  to  use  the  66-kv.  oil  switches  on  the 
low-tension  side  of  the  transformers.  This  is,  of  course,  on  the 
assumption  that  the  substations  will  be  operated  at  66  kv.  or 
110  kv.  and  that  further  transformation  will  be  necessary  in 
case  it  is  decided  to  furnish  low-tension  power  from  the  sub- 
stations. 

.  The  use  of  220  kv.  for  transmission  presents  some  very  in- 
teresting operating  problems  and  on  account  of  the  present 
high  cost  of  building  transmission  lines  it  is  suggested  that  a 
careful  study  should  be  made  to  replace  insulators  with  current 
on  the  line  in  order  to  obviate  the  expense  of  building  and 
maintaining  duplicate  transmission  lines  for  any  single  service. 

The  use  of  fifteen  insulators  in  one  string  should  allow  a 
factor  of  safety  large  enough  for  the  proper  testing  and  renewal 
of  defective  insulators.  The  writer  has  had  some  experience 
with  operation  at  110  kv.  where  we  have  been  using  seven  in- 
sulators on  tension  and  eight  insulators  on  strains  or  semi- 
strains.  The  practise  is  to  test  the  insulators  once  a  year  (this 
will  probably  be  shortened  to  once  in  six  months)  and  where 
three  defective  insulators  are  found  in  one  string  the  trouble 
is  immediately  reported  and  the  line  gang  replaces  same  as 
soon  as  possible.  Where  less  than  three  defective  insulators 
are  found  the  matter  is  reported  on  the  regular  daily  report 
and  the  insulators  are  changed  at  the  earliest  suitable  time. 
There  was  one  case  recorded  where  the  line  was  operating  with 
four  defective  insulators  in  one  string  leaving  only  three  good 
insulators  for  protection  of  the  line. 

It  is  suggested  that  it  would  be  possible  to  put  two  clamps 
in  series  on  each  wire  and  make  suitable  suspension  hangings 
above  each  of  these  clamps  so  that  an  entire  new  string  of  in- 
sulators could  be  placed  on  a  tower  to  take  care  of  any  defec- 
tive strings  and  suitable  fittings  could  be  made  for  fastening 
the  insulator  assembly  to  the  clamps  and  to  the  tower  so  that 
same  could  be  done  without  interrupting  the  service. 

The  writer  believes  that  an  experimental  line  one-half  mile 
long  should  be  built  and  operated  at  220  kv.  as  soon  as  possible 
in  order  to  work  out  some  of  these  operating  details  and  to  as- 
certain just  what  kind  of  trouble  would  be  likely  to  be  en- 
countered in  practise. 

A.  E.  Silver:  Several  speakers  have  mentioned  the  inter- 
linking type  of  insulator  as  being  especially  suitable  for  220-kv. 
service.  However,  due  consideration  must  be  given  to  the 
diflSculties  of  mechanical  assembly  under  the  heavy  loading 
requirements  of  220-kv.  construction,  which  with  present  de- 
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signs  of  this  type  of  insulator  would  be  even  more  serious  than 
with  the  standard  cap  and  pin  type. 

Mr.  Ranker's  point  as  to  the  possibility  of  over  excitation 
of  generators  by  the  line  charging  currents,  resulting  in  abnor- 
mal voltages  on  the  transmission  line,  is  well  taken.  In 
specific  cases  careful  consideration  should  be  given  to  eliminat- 
ing danger  from  this  source. 

Referring  to  Mr.  Summerhayes'  point  regarding  Figs.  1  and 
2,  the  titles  are  misleading,  although  it  is  noted  in  ^e  foot  notes 
accompanying  these  figures  that  generator  voltages  of  225  kv. 
and  170  kv.  and  corresponding  receiver  voltages  of  200  kv. 
and  150  kv.  are  used  in  the  comparison. 

It  seems  to  me  that  the  essential  thing  now  is  not  to 
endeavor  to  draw  any  definite  conclusions  but  to  come  to  a 
thorough  realization  that  the  problem  of  developing  220-kv. 
transmission  is  definitely  confronting  us  and  to  present  clearly 
to  the  engineering  profession  the  conditions  of  the  problem 
and  then  to  all  work  together  to  bring  out  the  best  possible 
solution. 


Pr€S4nt4d  at  th$  26ik  Annual  Convention  of  Tht 
American  Institute  of  Electrical  Engineers, 
Lake  Placid  Club,  N.  Y.,  June  27,  1919. 
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THE  EFFECT  OF  TRANSIENT  VOLTAGES  ON 

DIELECTRICS  II 

The  Effect  of  Lightning  Voltages  on  Arrester  Gaps, 
Insulators  and  Bushings  on  Transmission  Lines 


BY  F.  W.  PEEK,  JR. 

Abstract  of  Paper 

This  paper  treats  of  some  of  the  practical  applications  result- 
ing from  an  investigation  of  the  effect  of  lightning  voltages  on 
insulators,  bushings  and  protective  gaps. 

There  is  a  great  difference  in  the  relative  lightning  spark-over 
volta^  of  various  gaps  as  well  as  a  great  difference  in  the  act- 
ings imposed  by  operating  conditions.  Both  of  these  factors 
must  be  considered  in  comparing  the  relative  protective  values. 

A  gap  must  be  set  so  that  the  norms^  line  voltage  does  not 
cause  it  to  spark-over.  Gaps  are  generally  used  out  of  doors. 
Rain  lowers  the  60-cycle  spark-over  voltage  of  all  uncovered 
gaps  and  thus  imposes  a  greatly  increased  setting  and  decreased 
protective  value  since  the  lightning  spark-over  voltage  is  not 
changed  by  rain. 

The  covered  sphere  gives  the  maximum  protection.  The  pro- 
tective value  is  constant  under  all  conditions. 

The  sphere-horn,  having  electrodes  of  points,  horns  and 
spheres,  gives  very  good  protection  over  the  whole  range  of 
frequency  and  wave  front.  The  spheres  discharge  the  very 
steep  waves,  the  horns  the  moderate  ones,  and  the  points  con- 
tinuous high-frequency  waves,  of  slanting  front  and  static. 

The  protective  value  of  selective  ^ps  varies  with  the  wave 
front.  Its  protective  viJue  is  a  minimum  for  very  steep  wave 
fronts  and  for  waves  of  slanting  front.  Over  a  certain  range 
its  protective  value  is  very  good. 

The  relative  protective  values  of  various  gaps  for  steei>  and 
slanting  wave  fronts  and  high  frequency  are  shown  graphically 
in  Figs.  14,  15,  16  and  17.  The  relative  protective  values  are 
apj^roximately  independent  of  the  point  on  the  60-cycle  wave  at 
which  the  discharge  occurs. 

Data  are  given  on  the  steepness  of  lightning  waves  actually 
occurring  on  transmission  lines  in  practise. 

Bushings  and  insulators  with  equal  60-cvcle  spark-over  voltages 
may  have  entirely  different  lightning  spark-over  voltages.  A  bush- 
ing should  be  designed  for  a  high  lightning  spark-over  voltage. 

The  lightning  wet  spark-over  voltage  of  a  bushing  or  insulator 
is  the  same  as  the  dry  spark-over  voltage. 


IN  1915  I  presented  a  paper  covering  an  extensive  investiga- 
tion on  the  effects  of  transient  or  lightning^voltages  on  air, 
oil  and  solid  insulations,  line  insulators  and  the  discharge 
voltages  of  various  gaps.*    An  exact  study  was  made  possible 
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by  the  development  of  the  "impulse  generator,"  which  was  also 
described  in  the  paper  referred  to  above,  and  as  a  result  some 
very  important  fundamental  relations  were  discovered. 

It  is  the  purpose  of  this  paper  to  treat  in  more  detail  a  few 
of  the  important  practical  applications  which  have  been  made 
of  these  relations  within  the  last  few  years.  The  present 
discussion  will  be  concerned  principally  with  lightning  arrester 
gaps,  bushings  and  line  insulators.  It  is  hoped  in  particular, 
to  make  clear  the  advantages  and  disadvantages  from  a  strictly 
practical  standpoint  of  the  various  arrester  gaps. 

The  fundamental  relations  referred  to  above,  bearing  on  the 
present  discussion,  will  be  briefly  reviewed: 

When  a  60-cycle  voltage  is  slowly  applied  to  a  gap  and 
gradually  increased,  spark-over  will  occur  at  some  definite 
voltage.  This  is  the  minimum  voltage  that  will  cause  sufficient 
ionization  for  the  gap  to  discharge  and  it  requires  a  relatively 
long  time. 

Lightning  voltages,  or  voltages  of  relatively  steep  wave  front 
start  at  zero  or  line  voltage  and  increase  at  the  very  rapid 
rate  of  millions  or  billions  of  volts  per  second.  When  such 
voltages  are  applied  across  a  gap  or  insulator,  spark-over  does 
not  occur  at  the  instant  the  minimum  or  60-cycle  voltage  is 
reached,  as  considerable  time  is  required  at  this  voltage.  When 
this  voltage  is  reached  the  spark  begins  to  form  but  is  only  com- 
pleted after  the  rapidly  rising  voltage  has  reached  some  higher 
value.  The  "slower*'  the  gap  the  higher  the  voltage  will  rise. 
In  a  uniform  field,  break-down  takes  place  over  a  relatively 
short  path,  everywhere,  at  the  same  time.  In  the  case  of  a 
non-uniform  field  represented,  for  instance,  by  the  needle  gap, 
corona  forms  around  the  electrodes  before  spark-over.  A  vast 
amount  of  air  must  be  ionized.  The  condition  is  equivalent 
to  putting  the  corona  or  arc  resistance  in  series  with  an  ever 
increasing  capacity  represented  by  the  unbroken  dielectric. 
Time  is  thus  required  to  bring  all  of  the  space  between  the 
electrodes  up  to  the  break-down  gradient  and  during  this  time, 
the  lightning  voltage  rises  higher  and  higher. 

To  summarize:  (1)  Two  gaps  or  insulators  with  equal  60- 
cycle  spark-over  voltages  may  have  entirely  different  lightning 
or  impulse  spark  over  voltages  because  of  the  time  lag. 

1.  "The  Effect  of  Transient  Voltages  on  Dielectrics,"  F.  W.  Peek.  Jr., 
A.  I.  E.  E.,  Vol.  XXXIV,  1915,  page  1857. 

"Lightning,"  General  Electric  Review,  July  1916. 
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(2)  The  time  lag  is  the  greatest  in  a  non-uniform  field  or 
for  electrodes  where  corona  precedes  spark-over;  it  is  minimum 
for  a  uniform  field. 

(3)  The  time  lag  for  any  given  electrodes  and  spacing  is  not 
constant,  but  depends  upon  the  steepness  of  the  wave  or  the 
rate  at  which  the  voltage  is  applied.  The  spark-over  voltage 
increases  and  the  time  lag  decreases  with  increasing  steepness 
of  wave  front. 

(4)  Lightning  or  impulse  spark-over  voltages,  unlike  60- 
cycle  spark-over  voltages,  are  not  appreciably  lowered  by  rain. 

The  above  discussion  means,  of  course,  that  certain  gaps 
and  insulators  which  have  equal  60-cycle  spark-over  voltages 
may  have  entirely  different  lightning  spark-over  voltages. 
The  ratio  between  the  impulse  and  60  cycle  spark-over  voltage 
was  termed  the  impulse  ratio.  When  there  is  no  time  lag  the 
impulse  ratio  is  unity;  the  greater  the  time  lag,  the  higher  the 
impulse  ratio.  Under  certain  conditions  selective  gaps  may 
have  an  apparent  impulse  ratio  of  less  than  unity. 

It  is  very  important  to  utilize  these  principles  in  design; 
protective  gaps  should  have  an  impulse  ratio  of  unity  or  low 
lightning  spark-over  voltage,  while  insulators  and  insulation 
should  have  a  high  impulse  ratio  or  high  lightning  spark-over 
and  puncture  voltage. 

The  practical  application  of  these  principles  to  various  pro- 
tective gaps  will  first  be  discussed. 

Protective  Gaps 

General.  The  lower  the  voltage  at  which  a  given  arrester 
gap  can  be  set  the  greater  is  its  protective  value.  In  practise, 
the  setting  must  be  such  that  the  gap  does  not  discharge  under 
any  normal  operating  condition.  The  60-cycle  spark-over 
voltage  of  a  gap  is  veiy  much  decreased  if  the  electrodes  be- 
come wet.  The  decrease  in  voltage  due  to  moisture  differs 
greatly  with  the  shape  of  electrodes.  It  is  minimum  for  points 
and  maximum  for  plane  surfaces.  The  60-cycle  spark-over 
voltage  of  a  gap  may  be  affected  by  other  surface  conditions, 
but  by  far  the  greatest  effect  is  that  caused  by  moisture.  See 
Table  I.  Practically  all  high-voltage  arrester  gaps  are  installed 
out  of  doors.  These  gaps  must,  therefore,  be  set  so  that  the 
line  voltage  does  not  cause  spark-over  during  a  rain  storm. 
This  means  that  with  any  gap  with  "fast''  electrodes  the  setting 
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must  be  approximately  doubled  and  the  protective  value  thus 
reduced. 
The  wet  and  dry  60-cycIe  spark-over  voltages  of  6.25  cm. 


TABLE  I 
SPHERE  GAP 
Th>  Approiimttc  EiTcct  at  Rain.  Ice.  Duit.  etc.  on  tl 
Sperk-Dver  Vollage  of  Sphere  Gap. 


Foreign  material  o 
■utface. 

n.phere 

Voll«t   per  t«, 

t  o[ 

Thin  coatinK  at  duM. 

SB 
lOU 
75-90 

75-90 
75  -     BU 
100 

90-100 

40  -     SO 

Heavy  coaling  of  oil 

ndsanil 

Surface  oiidiied 

Rain  0.2  in.  predpiti 

tion  pet  min. 

Rain  0.2  in.  precipit 

tion  per  min. 

Spheres  is  given  in  Fig.  1.  That  the  lightning  spark-over  volt- 
age is  not  appreciably  changed  by  rwn  is  shown  in  Hg,  2.  In 
comparing  the  relative  protective  value  of  lightning  arrester 
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gaps  it  is,  thus  important  to  make  the  comparison  on  equal 
wet  60-cycle  apark-over  voltages  or  by  the  setting  imposed  by 
the  operating  conditions. 
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Operating  conditions  other  than  rain  or  inherent  properties 
of  the  arrester  proper  may  make  it  necessary  to  increase  the 
setting  of  certain  types  pf  gaps  and  not  of  others.  Rain  is, 
however,  the  chief  factor  in  non-selective  gaps.  As  an  example 
of  the  effect  of  rain  on  the  setting,  assume  a  66,000-voIt  line 
with  grounded  neutral.    The  voltage  to  ground  is 

The  arrester  gap  must  be  set  at  about  25  per  cent  above  this 
or  47  kv.  wet.    Referring  to  Fig.  2,  if  the  gap  is  protected 
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from  the  weather  the  lightning  spark-over  voltage  is  47  kv., 
wet  or  dry;  if  the  gap  is  not  protected  from  the  weather  the 
dry  60-cycle  spark-over  voltage  must  be  94  kv.  in  order  to 
make  the  wet  60-cycle  spark-over  voltage  47  kv.  and  the  ap- 
paratus is  thus  subjected  to  double  the  stress  which  would 
obUun  if  a  covered  gap  were  used.  This  follows  because  the 
lightning  spark-over  voltage  approximately  corresponds  to  the 
dry  setting.  There  may  be  no  gain  in  protection  with  a  gap 
discharging  at  very  low  lightning  voltages  if  in  practise  it 
must  be  set  at  a  wide  spacing  to  prevent  line  voltages  from 
continually  caufflng  it  to  spark  over. 

The  horn  gap'is  not  affected  by  the  weather  to  as  great  an 
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extent  as  the  sphere  gap.  If  a  sphere  and  a  horn  are  adjusted 
for  equal  wet  60-cycle  spark-over  voltages,  the  dry  60-cycle 
spark-over  voltage  of  the  horn  will  be  lower.  For  low-fre- 
quency surges  the  hnm  would  thus  discharge  at  a  lower  voltage. 
For  steep  wave  front  lightning  voltages  however,  the  lag  of 
the  horn,  which  may  easily  have  an  impulse  ratio  of  2,  will 
cause  it  to  give  inferior  protection.    See  Fig.  3. 

The  Spheke  Gap-  The  Sphere  Horn 

The  sphere  gap  has  an  impulse  ratio  of  unity.     It  thus  offers 

equal  protection  for  all  sorts  of  traninent  voltages,  and  is  with- 
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out  time  lag  when  set  at  not  greater  than  diameter  spacing. 
When  exposed  to  the  weather,  however,  the  setting  must  be  high 
enough  so  that  the  line  voltage  will  not  spark-over 
during  rain.     See  Figs.  1  and  2. 

In  the  practical  gap  the  sphere  and  horn  were  combined; 
the  horn  being  used  to  assist  in  breaking  the  dynamic  arc  and 
for  the  gain  in  discharging  low-frequency  surges  due  to  the 
smaller  difference  between  the  wet  and  dr>'  spark-over  voltages. 
The  difference  between  the  wet  and  dry  spark-over  voltage  of 
points  is  less  than  with  the  horn.  A  point  is  sometimes  added 
to  further  increase  the  protection  at  low-frequency  surges. 
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This  gap  has  proved  very  successful  in  its  several  years 
of  practical  use,  very  greatly  increasing  the  protective  value  of 
arresters.  See  Fig.  4.  Take  for  comparison  equal  wet  settings 
of  50  kv.  at  2000  kilocycles  the  apark-over  voltage  of  the  horn 
is  135,  the  sphere  100.  For  impulses  below  500  kilocycles, 
the  spark-over  voltage  of  the  horn  is  lower  than  the  sphere. 
Thus,  when  a  sphere  horn  is  used  the  discharge  takes  place 
across  the  sphere  for  steep  wave  fronts  and  across  the  horn 
for  low-frequency  surges.  The  gain  due  to  the  sphere  is 
greater  at  higher  voltages  and  steeper  wave  fronts.     The 
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covered  gap,  shown  by  the  dotted  line  is  superior  at  all  wave 
fronts. 

The  Covered  Sphere.  If  a  sphere  gap  is  covered  and  shielded 
from  the  weather  its  protective  value  is  greatly  increased  since 
the  setting  imposed  by  the  condition  that  the  normal  line 
voltage  must  not  discharge  over  the  gap  is  cut  in  half.  Such 
a  gap,  therefore,  discharges  lightning  voltages  of  half  the  value 
of  the  uncovered  sphere.  This  gap  gives  the  highest  degree 
of  protection.  It  is  not  possible  to  use  it  with  all  types  of 
arresters  unce  a  horn  is  often  necessary  to  assist  in  breaking 
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the  dynamic  arc.  See  Fig.  5.  A  properly  deugned  hemi- 
sphere may  also  be  used  in  this  type  of  gap. 

A  gap  not  appreciably  affected  by  the  weather  and  still 
providing  an  arc  breaking  horn  may  be  built  as  shown  in  ¥\g. 
6.  The  way  this  accomplishes  the  desired  results  will  be  de- 
scribed later. 

Since  the  gap  requires  two  spheres  in  series,  it  is  necessary 
to  determine  if  such  an  arrangement  has  appreciable  time  lag 
and,  therefore,  high  lightning-discharge  voltages.  Two  6.25- 
cm.  spheres  connected  in  series  are  shown  in  Fig.  7.  If  gap  A 
is  set  at  approximately  25  kv.  and  gap  B  at  approximately  75 
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kv.  the  60-cycIe  spark  is  not  {25  +  75)  -  100  kv.  but  is  75  kv.; 
the  lightning  or  impulse  spark-over  is  91  kv.     See  Fig.  7. 

The  two  gaps  break  down  at  75  kv.,  60  cycles,  instead  of  the 
sum  of  the  two  or  100  k\'.  because  the  applied  voltage  does 
not  divide  evenly  between  them.  The  voltage  reaches  25  kv. 
across  the  low-voltage  gap  and  breaks  that  gap  down  before 
it  reaches  75  kv.  on  the  high-vollage  gap.  AH  of  the  stress 
is  thus  transferred  to  the  high  \oltage  gap  and  it  breaks  down 
as  soon  as  a  total  voltage  of  75  kv.  is  reached.  If,  now,  capac- 
ities are  adjusted  acros.s  A  and  B  so  that  the  voltage  divides 
in  proportion  to  their  relative  break  tlown  voltages  both  gaps 
will  break  down  simultaneously.    The  break  down  voltage  will 
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be  equal  to  their  sum.  This  is  called  the  "balanced"  gap. 
When  two  sphere  gaps  each  without  appreciable  lag  are  placed 
in  series  it  is  found  that  unless  the  gaps  are  "balanced"  there 
is  considerable  lag.  This  would  be  expected  because  one  gap 
breaks  down  first  and  puts  resistancein  series  with  the  capacity 
of  the  other  similar  to  the  corona  in  the  needle  gap.  Balancing 
the  gaps  causes  simultaneous  spark- 
over  and  there  is  no  appreciable  lag. 
See  Fig.  7. 

If  two  gaps  are  placed  in  series  as 
P      „  in  Fig.  6  and  balanced  by  properly  ad- 

justing their  relative  capacities  there 
will  be  no  appreciable  lag.  The  rain  affects  only  the  outside  gap. 
For  example,  if  the  outside  gap  is  set  at  10  kv.  and  the  in- 
side gap  at  50  kv.  the  outside  gap  may  be  reduced  to  5  kv,  by 
rain.  If  balanced  wet,  the  total  wet  spark-over  is  55  kv. 
while  the  dry  spark-over  voltage  is  about  60  kv.  This  gap 
is  thus  without  appreciable  lag  and  not  appreciably  affected 
by  rain.    The  only  object  of  the  outside  gap  is,  of  course,  to 
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transfer  the  dynamic  are  to  the  horn  where  it  rises  and  breaks. 

The  impulse  and  60-cycle  characteristics  of  this  gap  are  shown 
in  Fig.  8. 

The  advantage  of  the  sphere  gap  is  that  it  gives  equal  pro- 
tection under  voltages  of  all  frequencies  and  wave  front  and 
is  practically  without  lag. 

Selective  Gaps.  Various  forms  of  selective  gaps  have  been 
proposed  from  time  to  time.  Probably  the  most  interesting 
and  important  of  these  is  that  investigated  by  Mr. 
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and  shown  in  Fig.  9.*  In  this  gap  the  division  of  voltage  is 
not  greatly  affected  at  60  cycles  by  the  auxiliary  electiode. 
The  auxiliary  electrode  is  held  at  mid-potential  because  it  is 
connected  at  the  mid-point  between  two  equal  condensras. 
The  capacity  current  is  too  small  at  60-cycle8  to  cause  any  ap- 
preciable "drop"  across  the  resistance.  If  the  condenser  cir- 
cuit were  opened  on  one  side,  the  gap  on  that  »de  would  break 
down  at  about  half  voltage.  This  is  exactly  what  happois 
under  impulse. 

For  steep  wave  fronts  the  resistance  has  the  effect  of  opening 
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the  condenser  circuit  on  that  side.  See  Fig.  10.  The  gap  on 
that  side  breaks  down.  The  voltage  does  not  immediately 
disappear  across  the  arc.  The  gap  has  lag  for  the  same  reason 
as  tlie  double  unbalanced  gap  discussed  above.  Whether 
it  is  above  or  below  the  60-cycle  setting  depends  upon  the 
impulse.  The  effect  is  similar  to  that  which  would  result 
from  a  needle  gap  which  could  be  set  at,  for  instance,  100  kv. 
for  60-cycle  operation  and  instantly  and  automatically  reduced 


2.  "Lightning  ArreHtoi'  Spark  GapH,"  C.  T.  Allcutt,  Th; 
I'.HS.Vol.  XXXVll,  Part  II,  p.  .s.>>.; 
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to-a  60  kv.,  60-cycle  setting  whenever  an  impulse  came  on  the 
line.  For  moderately  steep  wave  fronts  the  spark-over  voltage 
would  be  greater  than  50  and  less  than  100  kv.;  but  for  very 
steep  wave  fronts,  the  impulse  ratio  of  the  50  kv.  gap  would  ■ 
be  greater  than  (2),  or  the  spark-over  voltage  would  be  greater 
than  100  kv.  The  impulse  ratio  of  the  selective  gap  is  always 
greater  than  unity;  the  "apparent"  impulse  ratio  is  greater  or 
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less  depending  upon  the  steepness  of  the  wave  front.  The  rea- 
son this  distinction  is  made  is  discussed  elsewhere.'  The  ap- 
parent impulse  ratio  should  be  used  in  comparing  protective 
values.  This  characteristic  for  the  selective  gap  is  shown  in 
Fig.  11  and  compared  with  a  sphere  gap  for  the  same  dry 
60-cycle  settings.  The  sphere  gap  spark-over  voltage  is  prac- 
tically constant  for  all  wave  fronts.  The  spark-over  voltages 
are  the  same  for  60  cycles.    At  moderate  wave  fronts  the  selec- 
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'  Spark-Ov£R  Voltage  with  Wave  Front — 
,ND  Selective  Sphere — 

Data  Table  VII 


tive  gap  has  about  5  to  20  per  cent  lower  spark-over  voltage 
than  for  spheres,  while  for  steeper  wave  fronts  the  voltage  is 
high^  on  the  selective  gap.  The  protective  value  of  a  gap, 
as  already  pointed  out,  depends  not  only  on  its  lightning  dis- 
charge voltage  for  a  given  60-cycle  setting,  but  also  upon  the 
setting  which  is  imposed  upon  it  by  operating  conditions, 
fig.  11  shows  the  relative  protective  values  of  spheres  and 
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selective  spheres  assuminR  equal  dry  60-cycle  settings  are  pos- 
sible. The  settings  must  be  such  that  the  line  voltage  does  not 
frequently  spark-over  and  cause  the  destruction  of  the  energy 
absorbing  device  under  certain  operating  conditions.  The 
effect  of  rain  makes  it  necessary  to  set  a  non-shielded  selective 
gap  at  about  double  the  voltage  that  would  be  necessary  in 
the  protected  gap.    See  Fig.  12. 

Other  forms  of  selective  gaps  have  been  devised  and  it  is 
pos^ble  to  extend  the  selective  principle  to  a  number  of  gaps 
in  series,  theoretically  (neglecting  lag)  making  it  possible  to 
discharge  an  impulse  at  a  small  fraction  of  line  voltage.    Such 
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a  gap  would  of  course  necessitate  high  initial  setting  and  give 
very  little  protection  against  lightning  impulses. 

The  selective  principle  may  also  be  readily  applied  to  cov««i 
gaps  if  it  is  deemed  advisable. 

Relative  Protective  Values  of  the  Gaps  Already 

Discussed 
The  following  comparison  of  the  different  gaps  is  the  result 
of  extensive  research.  The  tests  were  made  with  the  impulse 
generator.  The  methods  of  conducting  the  tests,  the  pre- 
cautions, accuracy,  etc.  are  the  same  as  discussed  in  the 
former  paper.*  For  (■onvenience  the  connection  diagrams  are 
shown  in  Fig.  13--(a)  is  used  when  the  impulse  only  is  ap- 
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plied  tp  the  gap;  (b)  when  the  impulse  is  superposed  on  the  60- 
cyele  wave. 

There  are  three  cases  which  require  consideration.' 

Case  A.  Where  the  impulse  occurs  at  the  zero  point  of  the 
60-cycle  wave  and  is  thus  not  affected  thereby. 

Case  B.  Where  the  impulse  occurs  at  the  maximum  of  the 
60-cycle  wave  and  is  additive. 

Case  C.  Where  the  impulse  occurs  at  the  maximum  of  the 
60-cycle  voltage  wave,  but  in  the  opposite  direction. 

Case  C  is  naturally  the  most  dangerous  case.  Case  A  is 
equivalent  to  applying  the  impulse  without  60-cycle  voltage. 

In  making  impulse  tests  it  is  found  that  there  is  a  certain 
minimum  impulse  voltage  that  will  spark-over  the  gap  only 
occasionally  and  that  the  voltage  must  be  increased  to  cause 
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spark-over  at  every  application.  This  difference  between 
minimum  spark-over  and  spark-over  at  every  application  may 
be  inappreciable  for  some  gaps  and  quite  appreciable  for  others. 
This  is  discussied  in  my  former  paper.  It  is,  thus,  obviously 
necessary  to  record  the  method  of  making  the  tests.  The 
data  for  all  of  the  curves  with  description  of  method  of  making 
measurements  will  be  found  in  the  tables.  Unless  otherwise 
stated,  the  impulse  voltage  was  increased  until  the  gap  sparked 
once  in  five  applications.  "Frequency"  is  used  for  convenience 
only.  It  means,  unless  otherwise  stated,  that  an  impulse 
approximating  a  single  half  sine  wave  of  the  frequency  stated 
has  been  used.  By  applying  a  super- voltage  or  a  voltage 
higher  than  the  discharge  voltage  of  the  gap  the  steepness  of 

4.  "The  Effect  of  Transient  Voltages  on  Dielectrics,"  A.  I.  E.  E.,  F.  W. 
Peek.  Jr.,  1915. 

5.  "Lightning  Arrester  Spark  Gaps,"  C.  T.  AUcntt,  A.  I.  E.  E.,  May 
1918.     Discussion,  F.  W.  Peek,  Jr.,  A.  I.  E.  E.,  June  1918. 
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the  wave  or  rate  of  application  is  increased.  For  instance  a 
super-voltage  at  100  kilocycles  might  be  steeper  than  a  lower 
voltage  at  2000  kilocycles.  In  making  measurements  by  ad- 
justing two  gaps  in  parallel  for  equal  spark-over,  as  is  done  in 
the  case  of  super  voltages,  it  is  important  to  arrange  the  gaps 
symmetrically  with  equal  length  of  leads;  otherwise  inconsistent 
results  will  be  obtained.  With  steep  waves  and  unsymmetrical 
leads  it  is  possible  to  short-circuit  one  gap  and  still  obtain 
sparks  on  the  other. 

The  over-voltages  that  cause  insulation  failures  in  practise 
may  be  divided  into  three  classes: 

1.  Gradual  increase  of  voltage  on  the  line  due  to  static  or 
low  frequency  surges. 

2.  Very  high  frequency  oscillations  of  voltages  generally  too 
low  for  any  gap  arrester  to  discharge,  but  which  may  cause 
very  high  internal  voltages  in  apparatus. 

3.  The  form  of  voltage  with  which  we  are  principally  con- 
cerned— lightning  voltages  of  very  steep  wave  fronts  where 
the  voltage  across  the  apparatus  increases  from  normal  to  a 
very  high  value  in  perhaps  a  millionth  of  a  second. 

Condition.  (1)  is  readily  taken  care  of  by  any  gap  and 
need  not  be  further  discussed;  (2)  is  of  some  interest  but  is  a 
condition  generally  not  taken  care  of  by  a  gap  arrester — some 
results  of  tests  will  be  given  however;  (3)  is  the  steep  wave 
front  condition  that  represents  lightning  proper  and  with  which 
we  are  mostly  concerned. 

Relative  Protective  Value  of  the  Horn,  Sphere-horn,  Selective 

Sphere  Gap  and  Covered  Gap. 

Impulse  Voltages  of  Steep  Wave  Front.  The  spark-over  volt- 
ages of  various  types  of  gaps  are  plotted  with  equal  wet  60- 
cycle  settings  in  Fig.  14.  Values  are  plotted  for  both  wet  and 
dry  electrodes.  The  wave  applied  was  a  single  half-cycle  of 
a  2000  kilocycle  wave  with  a  340-kv.  maximum;  that  is^  at 
super-voltage.  The  rate  of  application  of  voltage  of  the  wave 
front  was  thus  about  70  X  10^^  volts  per  second.  I  believe  that 
waves  steeper  than  this  occur  on  lines  in  practise.  In  fact, 
I  first  noted  that  there  was  a  difference  between  the  60-cycle 
and  lightning  spark-over  voltages  of  various  electrodes  by  the 
existence  of  such  waves  on  an  operating  line.  The  bushings 
on  the  line  always ''protected"  the  lightning  arrester  horns  al- 
though the  horns  had  a  lower  60-cycle  spark-over  voltage. 
By  measuring  the  impulse  spark-over  voltages  of  the  bushing 
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and  the  arrester  gap  in  the  laboratory  it  was  found  that  the 
bushing  protected  the  horn  for  a  wave  front  at  which  the 
impulse  ratio  of  the  horn  was  over  (2);  this  corresponds  to  a 
steeper  wave  than  the  one  under  immediate  discusuon. 

It  will  be  noted  that  the  covered  gaps  give  by  far  the  best 
protection  under  this  condition.  For  example,  when  all  the 
gaps  are  set  on  the  line  at  100  kv.,  lightning  voltage  discharges 
respectively  at  100  kv.  on  the  covered  gap,  115  kv.  on  the  bal- 
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Selective      Spheres.      Covered    tive  Spheres,  Covered  Sphere — 
Spheres — Steep  Wave  Fronts  Moderate  Wave  Fronts 

2000  kilocycle*— 340  kv.— impulie— data  Impulie—iinglo  half-cycle  100  kUocyde*— 
TabJei  IX.  X  and  XI  non-Broundcd— data  Table*  [X.  X  and  XI 

anced  covered  gap,  225  kv.  on  the  sphere  of  the  sphere  horn, 
225  kv.  on  the  selective  sphere,  and  320  kv.  on  a  horn. 

Moderate  Wave  Fronts.  A  amilar  comparison  is  given  in 
Fig.  15  for  moderate  wave  fronts.  The  impulses  being  single 
half  cycles  of  100  kilocycle  waves,  the  average  fronts  ranging 
from  0.5  to  1.  X  10"  volts  per  second. 

It  will  be  noted  that  here,  also,  the  covered  spheres  give  the 
beat  protection.  For  example,  at  a  100-kv.  line  setting  the 
impulse  spark-over  voltages  are  respectively  100  kv.  for  the 
covered  sphere,  110  kv.  for  the  balanced  covered  sphere,  170 
kv.  for  the  selective  sphere,  178  kv.  for  a  horn  or  the  horn  of 
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the  sphere  horn,  130  kv.  for  points  Of  the  spher^hom,  and 

222  kv.  for  the  sphere.  If  these  data  are  compared  with  that  in 
Fig.  14  the  value  of  the  sphere  horn  combination  is  well  illus- 
lustrated.  For  the  steep  wave  fronts  the  sphere  affords  the 
better  protection,  while  for  the  moderate  waves  the  horn 
affords  the  better  protection  and  a  still  greater  giun  is  made  by 
adding  points.  This  comes  about,  of  course,  due  to  the  differ- 
ence between  the  wet  and  dry  setting. 
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Ratio  for  Comparing  the  Relative  Protective  Value  of  Various 
Gaps.  From  the  above  discussion  it  is  readily  seen  that  in 
order  to  compare  the  relative  protective  value  of  various  gaps 
two  factors  must  be  considered. 

1.  Theincreased  60-cycIe  setting  imposed  by  operating  con- 
ditions to  prevent  the  gap  from  continuously  discharging  due 
to  rain  or  harmless  surges.  Let  the  ratio  of  the  actual  operating 
setting  to  the  normal  setting  be  called  a  where  the  normal 
setting  is  the  setting  that  just  prevents  the  line  voltage  from 
arcing  over  under  ideal  conditions. 
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2.  The  impulse  ratio  (or  apparent  impulse  ratio  for  the 
selective  gap)  for  the  wave  under  consideration.  Let  the  im- 
pulse ratio  be  called  ff 


The  relative  protective  value  of  two  gaps  is  then 


as  fft 


For  example; — a  gap  must  be  set  at  50  kv.  (max.)  to  prevent 
the  60-cycle  line  voltage  from  causing  it  to  spark-over  under 
ideal  conditions.    The  relative  protective  values  of  a  horn  and 
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a  covered  sphere  for  the  2000  kilocycle  wave  are  obtained  as 
follows  from  Hgs.  3  and  5. 

Horn  Covered  Sphere 

a,    -  75/50  -■  1.50  a,  -  50/50  =  I 

t^  -  133/75  =  1.77  6i  =  50/50  -  1 

a.  01  -  1.50  X  1.77  =  ISS,  a,e,  =  I 
a.  t,/at  a,  =■  2.65 

The  horn  permits  the  lightning  voltage  to  rise  to  2.65  times 
the  value  of  the  voltages  permitted  by  the  covered  sphere. 

CombtTiation  oj  Lightning  and  60-cycle  Voltages.  The  lightning 
spark-over  voltage  is  a  minimum  when  it  occurs  at  the  maximum 
of  the  60-cycle  wave  and  in  an  additive  direction  (caseB).  The 
lightning  voltage  is  a  maximum  when  it  occurs  at  the  maximum 
of  the  60-cycle  wave  but  in  the  opposite  direction  (Case  C). 
The  relative  effects  are  approximately  the  same  for  all  of  the 
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t3rpes  of  gaps  discussed.  If  the  lightning  voltages  for  case  A, 
Case  B,  Case  C  and  the  60-cycle  line  voltage  are  called  A,  B,  C 
and  L  respectively  the  lightning  spark-over  voltages  are  ap- 
proximately : 

Case  A A 

CaseB A  -  L 

CaseC A  +  L 

Data  for  Case  C  are  plotted  in  Fig.  16. 

High  Frequency  Oscillations.  The  effect  of  sustained  high 
frequency  oscillations  not  very  highly  dampened  is  shown  in 
Fig.  17.  For  connections  see  Fig.  13  (c).  It  is  probably  very 
rarely  that  oscillations  with  such  a  low  damping  factor  occur 
on  a  transmission  line.  The  arcing  ground  condition  is  more 
nearly  approximated  by  a  series  of  the  impulses  discussed  above. 
Note  that  the  horn  and  points  give  good  protection  for  sustained 
oscillations. 

Line  Insulators,  Bushings  and  Insulation 

General.  Line  insulators  and  bushings  should  have  a  high 
impulse  ratio  or  lightning  arc-over  voltage.  The  bushing  men- 
tioned above  as  protecting  the  horn  had  a  low  impulse  ratio. 
The  60-cycle  and  lightning  spark-over  voltages  were  nearly 
equal.  The  horn  would  have  given  protection  in  this  case  if 
the  impulse  ratio  had  been  higher.  Bushings  are  now  designed 
with  a  high  impulse  ratio. 

The  60-cycle  spark-over  voltage  of  a  bushing  or  insulator 
is  often  very  appreciably  lowered  by  rain.  It  is  fortimate, 
however,  that  the  lightning  spark-over  voltage  is  not  appre- 
ciably changed  by  rain. 

The  data  below  were  taken  on  different  lengths  of  strings  of 
Hewlett  disk  insulators.  The  impulse  was  a  single  half-cycle 
of  a  200-kilocycle  wave,  or  of  very  moderate  wave  front. 

SPARK-OVER  VOLTAGES— DISK    INSULATORS 
(One  side  Grounded — Dry) 


String 

No.  of 

60-cycle 

Impulse 

Impulse 

String 

efficiency 

units 

spark-over 

spark-over 

ratio 

efficiency 

impulse 

200  kc. 

60-cycle 

200  kc. 

1 

80 

85 

1.06 

•   •   •   • 

•  •  •  • 

2 

142 

167 

1.18 

0.87 

0.98 

3 

204 

262 

1.28 

0.85 

0.99 

4 

261 

345 

1.36 

0.81 

1.01 

5 

317 

410 

1.30 

0.79 

0.97 

6 

308 

•   •  •   » 

•  •   ■   • 

0.77 

•  •  •  • 

Measured  spark-over  of  string 


String  efficiency  — 


Number  of  units  in  string  X  spark-over  voltage  of  one  unit 
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It  is  interesting  to  note  that  even  with  this  moderately 
steep  wave  front  the  lightning  spark-over  voltage  is  approxi- 
mately the  product  of  the  spark-over  voltage  of  a  single  unit 
and  the  number  of  imits  in  a  string.  The  impulse  voltage 
increases  with  increasing  steepness  of  wave  front. 

The  wet  impulse  spark-over  voltage  is  approxiniately  the 
same  as  the  dry. 

Impulse  ratios  of  three  or  more  have  been  obtained  on  bush- 
ings. More  complete  data  on  line  insulators  have  been  pub- 
lished elsewhere.® 

Conclusions 

1.  There  is  a  great  difference  in  the  relative  lightning  spark- 
over  voltages  of  different  gaps  as  well  as  a  great  difference  in 
the  settings  imposed  by  operating  conditions.  Both  of  these 
factors  must  be  considered  in  comparing  the  relative  protec- 
tive values.  It  is  shown  that  if  the  lightning  spark-over 
factor  is  represented  by  the  impulse  ratio  ff,  and  the  setting 
factor  by  a,  the  relative  protective  value  of  two  gaps  are 

inversely  as     ^  ^  • 

2.  j3  is  due  to  time  lag;  a  to  the  fact  that  the  gap  must  be 
set  so  that  the  normal  line  voltage  will  not  cause  it  to  spark- 
over.  Rain  lowers  the  60-cycle  spark-over  voltage  of  all  gaps, 
and  thus  affects  the  ratio  a.  Rain  does  not  lower  the  lightning 
spark-over  voltage. 

3.  All  uncovered  gaps  require  a  high  setting  factor,  because 
rain  lowers  the  spark-over  value  at  60  cycles.  The  effect  is 
much  less  for  points  than  it  is  for  spheres. 

4.  The  covered  sphere  gives  better  protection  than  any  un- 
covered gap,  because  both  a  and  /8  are  low.  The  protective 
value  is  constant  under  all  conditions. 

5.  The  sphere-horn,  having  electrodes  of  points,  horns,  and 
spheres,  gives  very  good  protection  over  the  whole  range  of 
frequency  or  wave  front,  due  to  the  different  values  of  a  and 
/3  for  its  various  electrodes.  The  spheres  discharge  the  very 
steep  waves,  the  horns  the  moderate  ones,  and  the  points 
continuous  high  frequency,  waves  of  very  slanting  front  and 
static. 

6.  The  protective  value  of  the  selective  gaps,  as  the  name 

6.  "Factors  Determining  the  Safe  Spark-over  voltage  of  Insulators 
and  Bushings  for  High- Voltage  Transmission  Lines,"  F.  W.  Peek,  Jr., 
General  Electric  Review,  June  1916. 
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implies,  varies  with  the  wave  front.  Its  protective  value  is 
a  minimum  for  very  steep  wave  fronts,  and  for  waves  of  slant- 
ing front.  Over  a  certain  range  its  protective  value  is  very 
good. 

7.  The  relative  protective  values  of  various  gaps  are  shown 
in  Figs.  14,  15  and  16. 

8.  The  relative  protective  values  of  various  gaps  are  ap- 
proximately independent  of  the  point  on  the  60-cycle  wave  at 
which  the  discharge  occurs,  as  shown  in  Figs.  14,  15  and  16. 

9.  Data  are  given  on  the  steepness  of  lightning  waves  actually 
occurring  on  transmission  lines  in  practise. 

10.  Bushings  and  insulators  with  equal  60-cycle  spark-over 
voltages  may  have  entirely  different  lightning  spark-over  volt- 
ages. A  bushing  or  insulator  should  be  designed  for  a  high 
impulse  ratio  or  lightning  spark-over  voltage. 

11.  The  lightning  wet  spark-over  voltage  of  a  bushing  or 
insulator  is  the  same  as  the  dry  spark-over  voltage. 

APPENDIX 

TABLE  II 

SPHERE  GAP 

Wet  and  dry  60-cycle  and  impulse  spark-over. 
6.2.Vcni.  spheres — One  grounded  2  in.  rain  per  minute. 


Srt' 

Spark-over  voltage  (maximum) 

opn\.iiiK 

60-cyclc          60-cycle 

Impulse 
8 :»  kc. 
wet 

Impulse 
500  kc. 
wet 

Inch 

Cm. 

dry 

wet 

0.5 
1. 
2. 
3. 

1.27 
2.54 
5.08 
7.62 

68 
lO.J 
121 

Mi 
51 
61 

40 

71 

105 

126 

72 
100 
130 

Cask  B 
Impulse  assistinR  and  at  maximum  of  6()-cyce  wave. 

Impulse 
«lry 
500  kc. 

1 
2 
3 

2.54 
5.08 
7.62 

52 

60.5 

86 

Case  C 
Impulse  opposing  and  at  maximum  of  the  60-cycle  wave. 

1 
2 
3 

2.. 54 
5.08 
7.62 

108 
148 
160 

No  parallel  gap— one  discharge  in  five   applications  00-cycle  voltage   'i  dry  discharge 
voltage  of  the  gap  in  cases  B  and  C. 
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TABLE  III 
flO-CYCLE  AND  IMPULSE  SPARK-OVER  OP  TWO  GAPS  IN  SERIES. 

6.25-cm.  spheres. 
One  sphere  grounded. 


Sfwdng 
gap 

60  cycle  spark-over 

0 

A 

B 

A 

B 

Sum 

A 
and  B 

Measured 

A 

and  B 

Inch 

Cm. 

Inch      Cm. 

Gaps  not  balanced  for  simultaneous  spark-over 

0.45 
0.45 

1.19 
1.19 

1.02 
2.15 

2.59 
5.46 

35 
33.7 

68 
107 

la* 

140 

72 

106 

Gaps  balanced  for  simultaneous  spark-over 

0.45 
0.45 

1.19 
1.19 

1.02 
2.15 

2.59 
5.46 

35 
33.7 

67 
107 

102 
140 

101 
136 

Impulse 
spark- 
over 


500 

kc. 


86 


129 


103 


144 


Impulse 
ratio 


1.20 
1.21 


1.02 
1.06 


Impulse  voltages  applied  and  increased  in  values  until  one  spark-over  occurred  in  five 
applications.     No.  60-cycU  voltage  on  the  gap. 


TABLE  IV 
HORNS 
Wet  and  dry  60-cycle  and  impulse  spark-over 
VolUge  of  horns  (3/8  in.) 
0.2  in.  rain — one  horn  grounded. 


Spark 

-over  voltag 

e — maximum 

Spacing 

Dry 

Wet 

Inch 

Cm. 

60  cycle 

500  kc. 

2000  kc. 

60  cycle 

500  kc. 

2000    kc. 

0.25 

0.63 

19 

•   ■    •  • 

•  ■    ■  • 

9.2 

*  «   ■  • 

0.5 

1.27 

35 

39.7 

44.5 

19.7 

*    •    •    . 

•  •    •  • 

1 

2.54 

50 

5,3 

63.5 

31.0 

•    •    •    • 

45 

2 

5.08 

69 

88 

96.5 

41.5 

•    •    ■   • 

99 

3 

7.62 

74.5 

105 

148 

52 

117 

148 

No  parallel  gap.— One  discharge  in  five  applications.     20(X)  kr.  (h)  wave  Talilc  XIV. 
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TABLE  V 

COVERED  SPHERES 

Wet  and  Dry — 60-cycle  and  Impulse  Spark-over  Voltage 

6 .  25-cm.  spheres — One  sphere  grounded. 


tpacing 

Spark-over  Voltage — Maximum 

• 

Inches 

Cm. 

60  cycles 
dry 

500  kc. 
dry 

2000  kc. 
dry 

60  cycles 
wet 

500  kc. 
wet 

2000  kc. 
wet 

Case  A — No.  60-cycle  voltage  on  the  gap. 

0.50 
1.00 
2.0 
3.0 

1.27 
2.54 
5.08 
7.62 

•  •  ■  • 

68 
103 
121 

•  •   •  ■ 

68 
103 
121 

•  •   •  • 

68 
103 
121 

•  ■   •  • 

68 
103 
121 

•  ■  ■  • 

68 
103 
121 

•  ■  •  • 

68 
103 
121 

Case 

B — Impulse  assisting  and  at  maximum  of  the  60  cycle  voltage. 

1 
2 
3 

2.54 
5.08 
7.62 

•  »  •  • 
«  •    ■  • 

•  •   •  • 

52 

60.5 

86 

•  ■   •  • 

•  ■   •  ■ 

■  •   •  • 

•  •   •  ■ 
■  •  •  • 

•  •   •  • 

•  ■   •  • 
■  •   •  • 

•  •  •  • 

•  •  •  • 

■  •  •  • 

Case  C- 

—Impulse  opposed  to  and  at  maximum  of  the  60-cycle  voltage. 

1 
2 
3 

2.54 
5.08 
7.62 

•  •   •  • 

■  •   ■  ■ 

•  •   •  • 

108 
148 
160 

•  •   •  • 

•  •   •  • 
-  •   ■  • 

•  •   •  ■ 

•  •   •  • 

•  •   •  • 

•  •   •  • 

■  •   ■  • 

•  •  •  • 

•  •  •  ■ 

•  •  ■  • 

•  •  •  • 

No  parallel  gap — One  discharge  in  five  applications — 60  cycle  voltage  M  dry  discharge 
voltage  of  the  gap  applied  in  cases  B  and  C.     2000  kc  (b)  wave  Table  XIV. 


TABLE  VI 
Double  Covered  Sphere  Gap — Balanced 
Balanced  Wet 
(0.2  in.  Rain — 6. 25-cm.  spheres — One  sphere  grounded) 


Total 

60-cycle 

spark 

over 

max. 

Gap  setting 

Kv.max. 

dry 

Impulse 

spark  over 

total  kv.  max. 

A 

B 

Wet 

Wet 

500  kc. 

2000  kc. 

50 

79 

124 

14 

23.5 

35 

42 

71 

105 

59 

89 

118 

63 

91 

117 

Dry 

Dry 

48 

80 

123 

14 

23.5 

35 

42 

71 

105 

61 

83 

132 

51 

71 

122 

Average  measured  voltages.     2000  kc.  (b)  wave  Table  XIV. 
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TABLE  VII 
SELECTIVE  SPHERE-HORN 
(6.25-cni.  Spheres  with  Auxiliary  Electrode).     One  side  grounded. 


Gap  setting 

60-cycle 

60-cycle 

Impulse 

•    spark- 

spark- 

spark- 

Apparent 

over 

over 

over 

impulse 

Impulse 

In. 

Cm. 

kv  max. 

1  gap 
kv.  max. 

total 
gap 

ratio 

ratio 

Single  half  < 

:ycle  83  kilocycles 

li 

1.27 

38 

23 

28 

0.74 

1.21 

2 

5.08 

105 

67 

81 

0.77 

1.20 

3 

7.62 

121 

88 

113 

0.94 

1.29 

Single  half 

cycle  500  kilocycles 

M 

1.27 

38 

23                 32         1 

0.84 

1.40 

2 

5.08 

105 

67 

87 

0.83 

1.30 

3 

7.62 

121 

88 

109 

0.90 

1.24 

Single  half 

cycle  2000  kilocycles  d 

0  wave 

K 

1.27 

38 

23                  34 

0.90 

1.48 

3 

7.62 

121 

88 

114 

0.94 

1.30 

Impulse 

Apparent 

Wave  front 

spark- 

impulse 

volts 

over 

ratio 

sec. 

3 

• 

■total  gap 

7.62 

121 

88 

113 

0.94 

0.4  X  10»» 

3 

7.62 

121 

88 

109 

0.90 

2.1  X10»> 

3 

7.62 

121 

88 

114 

0.94 

9.1  X  10" 

3 

7.62 

121 

88 

110-120* 

.91-1.00 

60      X  10" 

3 

7.62 

121 

88 

100-133* 

0.88-1.10 

110      X  10i» 

3                    7.62 

121 

88 

130-132* 

1.07-1.10 

133       X  10" 

Above  data  for  Case  A — Impulse  applied  at  zero  of  60-cycle  wave. 
(♦Range  of  equal  spark-over. — Super    Voltages,  (b)  wave  Table  XIV.) 
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TABLE  VIII 

SELKCTIVE  SPHERES 

Wet  anfl  Dry  GO-cycle  and  Impulse  spark-over  6.2.')-cm  sphere — One  Grounded 

0.2  in.  Rain  per  minute 


t.'asc  A 

Spacing 

6()-cycle 
spark-over 
Kv.  max. 

Impulse 

spark -over 

kv.  max. 

Inches 

o.r> 
I 

2 

Cm. 

1.27 
2.. 14 
"i .  OS 
7.62 

Dr 

■y 

Wet 

1  'ry 

%i  1  I 

.VK)  kc. 

:{2 

4«J 

S7 

KM) 

2U<K)  kc. 

■ 

114 

TiOU  kc. 

2(J0U  kc. 

6K 
10.1 
121 

-)1 
61 

41 

74 

1U4 

>    •    p    » 

48.5 
89 
I  Hi 

Caw."  B--Inipulsi'  assist juk  and  at  the  maximum  of  the  6l)-cycle  wave. 

1 

2 

2.o4 

5.08 
7.62 

.... 

.... 

.'A 
67 

.... 

•    •    ■    ■ 

a     •      ■      • 
■      a      ■     « 

•  ■      k     « 

•  •     •     • 

Case  (' — Impulse  opp<isinn  am!  at  max.  nf  60.cyi:l 

e  wave. 

1 

2 
3 

2.54 
5.08 
7.62 

.... 

.... 

97 

iir. 

147 

■   •  ■ 

•    ■   ■    • 

■     ■     «     « 

•  •      ■     • 

•  •     •     • 

Applied  60-cycle  voltage  }i  dry  60-cyclc  voltaijc  of  the  gap  and  impulse  one  discharge 
in  five  applications.      (2000  kc  (a)  wave  TaMc  XIV.) 


TABLE  IX 

SELEf:TIVK  SPUERES 

12.."»-cm.  SphiTcs  -N''iii-C»niundcd  Impulses 

(\'is<^--A 


Sett 

ing 

(>0-cyrlc-s 
spark-over 
Kv.  (max.) 

Imp 

ulse 

Spark 

-over 

Inrh«'S 

Cm. 

2l»00  kc. 
;M0  kv.  (nax.) 

100  kc. 
single-half  cycle. 

2.80 

7.10 

Dry        1        Wet 

Dry 

Wet 

Dry 

Wet 

162                   66 

227                 102 

1 

I3:i 

'2Xi 

l.W 
242 

107 
170 

109 
174 

Super  Voltage  Impulses  measureil  al  e-.jiia!  spark-nvcr.     2000  k«\  fb)  wave. 
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TABLE  X 
COVERED  DOUBLE  SPHERE  GAP— BALANCED 

7.6-cm.  spheres — Non-grounded 


Total  60-cycIe 

Impulse  spark-over  kv.  max. 

spark-over 

Setting — 60-cycles 

kv.  (max.) 

kv. 

(max.) 

2000  kc. 
340  kv. 

100  kc. 

OuUide 

Outside 

Inside 

Sum 

Dry 

Wet 

dry 

wet 

dry 

wet 

Dry 

Wet 

Dry 

Wet 

130 

63.0 

34 

101 

136 

160 

168 

142 

138 

100 

61.0 

25.3 

75 

100.2 

123 

109 

109 

105 

85 

38.3 

19.8 

61 

80.8 

85.5 

96.7 

93 

88 

65.5 

29.6 

•  •  •  • 

49.6 

•   •  •   • 

71 

62 

71 

73 

44 

14.1 

•   •   •  • 

31.1 

•  •   •  • 

46.5 

46.5 

50.5 

•   •  ■   • 

Super- voltage  impulses  measured  at  equal  spark-over.     (2000  kc  (b)  wave  Table  XIV.) 


TABLE  XI 
SPHERES— IMPULSES 
12.5-cm.  Spheres — Non-grounded 


•  Spacing 

Spark-over 
kv.  max. 

Impulse  Spark-over  voltage  kv.  max. 

Inch 

Cm. 

60-cycle 

60-cycle 

(2000  kc.) 
340  kv.  max. 

100  kc. 

Dry 

Wet 

Dry 

Wet 

Dry 

Wet 

2.80 
5.34 

7.10 
13.5 

162 
227 

66 
102 

164 
227 

■   •    •   ■ 

227 

162 

•   •  •   • 

•  •  •  • 
•  •   •   • 

Super-voltage  impulses  measured  at  equal  spark-over. 
2000  kc  (b)  wave  Table  XIV. 
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TABLE  XII 

IMPULSE  SPARK-OVER   VOLTAGES    WHEN'  THE  60-CYCLE  LINE  VOLTAGE 

IS  ON  THE  GAP.— CASE  C. 


Spacint; 

60-cyclc 
spark-over 

Inches 

Cm. 

Kv.  max. 

Dry      Wet 

Ap- 
plied 
60- 

cycle 


Kv. 


Impulse  spark-over  kv. 
2000  kc. 

max. 

Case  A 
No.  60-cyclc 

Sum 
A&  L. 

Case  C 
measured 
impulse 

Dry 

Wet 

Dry          Wet 

Dry        Wet 

Selective  spheres  12.5-cm. 

2.80 
5.34 

7.10 
13.5 

162 
227 

66 
102 

50 
76.5 

138        135      1     188 
227       ....      1    303 

185 
303 

160 
296 

161 
306 

Spheres  12.5  cm. 

2.80 
5.34 

7.10 
13.5 

162 
227 

66 
102 

50            ....         164        214 
76.5       227           227        303 

•   •   •   • 

303 

204 
305 

217 
306 

Covered  Spheres  6.25-cm. 

0.70 
1.58 

1.8 
4.0 

50 
100 

50 
100 

37.5 
75 

50 
100 

50 
100 

87. 
175 

5 

87.5 
175 

87.! 
175 

>       87.6 

176 

Horns 

1 

2 
3 


2.54 

51 

30.7 

23 

58.5 

60 

81.5 

83 

69 

5.08 

40.6 

67.5 

30.5 

105 

110 

135.5 

140.5 

124 

7.62 

52 

75 

39 

145 

I'tO 

184 

189 

175 

76 
163 
196 


Case  C — Impulse  applied  opposed  to  the  maximum  of  the  60-cyclc  wave. 
Applied  60-cyclc  kv.  75  per  cent  of  wet  60-cyclc  spark-over. 
Gaps  not  grounded.     One  discharge  in  five  impulses. 
2000  kc.  (b)  wave  Tabic  XIV. 
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TABLE  XIII 
SPARK-OVER  VOLTAGES  OP    GAPS   FOR    SUSTAINED    HIGH    FREQUENCY 

OSCILLATIONS. 


Gap-eetting 

Frequency  of  oscillations — 
Spark-over  kv.  max. 

Inches 

Cm. 

19.600 

50.000 

100.000 

200.000 

160.00( 
high  fr< 

Dry 

)  from 
sq.  coil 

Dry 

Wet 

Dry       Wet 

Dry       Wet 

Dry 

1   Wet 

Wet 

Selective  Spheres  12.5-cm. 

2.80 
5.34 

7.10 
13.5 

112 
200 

105 
143 

100 
131 

95 
123 

77 
126 

90 
127 

77 
120 

92 
122 

108 
170 

125 

186 

Spheres  12.5  cm. 

2.80 
5.34 

7.10 
13.5 

162 
227 

106 
173 

162 
227 

126 
164 

163 
12.27 

106 
173 

162 
227 

118 
169 

163 
227 

•  •  •  • 

•  «  •  ■ 

Double  gap— Balanced — Covered 

Setting 
Kv.-60  cycles 
Wet 
100 
130 

•  •  •   ■ 

•  •  •  • 

98 
107 

•  •   •   • 

•  •  •  ■ 

105 
126 

•  •  •  • 

•  •  •  • 

102 
128 

93 
132 

100 
124 

112 
147 

112 
150 

Covered  Spheres 

....      50 
100 

50 
100 

50 

100 

•  •••             •■•■             ••••                kjXJ                  vw 

•  •••           ••••     }     ••••           1111/             XUl/ 

50 

100 

50         50 
100        100 

Inches  Cm. 

Horns 

1 

2 
3 


2.54 

•  •  •  ■ 

«  •  •  • 

58 

33.5 

•   •   ■   • 

•   •   •   • 

•    •    •    a 

•    •    •    • 

•    •    •    • 

5.08 

•  ■   •  • 

•  •  •  • 

82 

54 

•  •  ■   • 

•   •  «   • 

•    •    •    • 

•    •    •    • 

■    •    •    ■ 

7.62 

•  •  •   • 

•  •  ■  « 

97 

67 

•  •   •  • 

•   •   •  • 

•    •    •    • 

•    •    •    • 

•    •    •    ■ 

Points 


1 
2 
3 

4 
5 


2.54 

28.5 

28.5 

5.08 

46 

46 

7.62 

64 

64 

10.2 

74 

74 

12.7 

88 

88 
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TABLE  XIV 
IMPULSE  GENERATOR  CONSTANTS 


Capacity 

Inductance 

Impulse 

Wave 

farads 

henrys 

Reaistance 

83 

Single  HaU 
Cycle — Sine 

1.26  X  lO"* 

3.73  X  10*» 

1000 

100    • 

Single  Half 
Cycle — Sine 

1.25  X  lO"* 

3.73  X10~» 

2000 

500 

Single  Half 
Cycle — Sine 

0.62  X  10"* 

0.28  X  10"» 

7fiO 

2000 

Single  half 
Sine  (a) 

0.625  X10-» 

3.34  X10-* 

450 

2300 

(b)  wave 

1.25   X  lO"* 

8.7   X10-* 

3000 

1919)  discussion  at  lake  placid  1166 

Discussion  on  "The  Effect  of  Transient  Voltages  on 
Dielectrics  II"  (Peek),  Lake  Placid,  N.  Y.,  June  27, 
1919. 

Wm.  A.  Del  Mar:  Mr.  Peek  showed  a  series  of  curves  giv- 
ing the  spark-over  voltages  for  different  gaps.  I  want  to  ask 
him  whether  it  may  be  deduced  from  these  curves  tiiat  the  In- 
stitute standard  spark-gaps  are  correct  with  either  dry  or  wet 
spark  balls  for  voltages  having  a  frequency  of  one  million  or 
more  cycles  per  second. 

F.  W.  Peek:  Replying  to  Mr.  Del  Mar,  the  Institute 
standard  sphere  gap  curves  read  correctly  for  either  60-cycle 
or  transient  voltages  when  the  electrodes  are  dry.  When 
the  sphere  surfaces  are  wet  the  gap  sparks  over  at  about 
half  this  value  at  60  cycles,  but  for  transients  of  the  order  of 
a  single  half  cycle  of  a  one-mlliion-cycle  sine  wave  the 
spark  over  voltage  is  practically  as  given  on  the  standard 
curves.  There  would,  of  course,  be  considerable  error  for 
continuously  applied  undamped  high-frequency  voltages. 

C.  T.  Allcutt:  Perhai)s  the  most  serious  fault  witJi  Mr. 
Peek's  paper  is  the  presentation  of  a  large  amount  of  experi- 
mental data  on  discharge  gaps,  without  giving  any  description 
whatever  of  the  actual  gap  structures  tested  by  him.  He  gives 
a  diagrammatic  representation  of  his  ingenious  balanced  dou- 
ble-sphere gap  and  describes  the  theory  of  its  operation,  but 
his  description  of  the  gap  structure  itsefi  is  limited  to  the  fig- 
ures regarding  the  size  of  spheres  employed.  Whether  the  gap 
tested  was  a  laboratory  model  or  a  commercially  practicable 
gap  such  as  might  be  applied  to  an  electrolytic  arrester  has  been 
left  to  the  imagination  of  the  reader.  It  is  impossible  for  other 
experimenters  to  check  Mr.  Peek'^s  results  without  further  in- 
formation concerning  his  apparatus. 

Even  more  objectionable  is  his  failure  to  describe  the  struc- 
ture used  by  him  in  testing  the  type  of  selective  gap  now  known 
commercially  as  the  impulse  gap.  I  wish  particularly  to  call 
attention  to  the  data  given  in  Table  VII.  These  data  were 
given  by  Mr.  Peek  at  the  Atlantic  City  Convention  last  June, 
in  his  discussion  of  my  paper  on  "Lightning  Arrester  Spark 
Gai)s."^  These  data,  which  apparently  contradicted  my  own, 
were  presented  by  Mr.  Peek  without  any  description  being 
given  of  the  gap  structure  used  in  his  experiments,  the  natural 
inference  being  that  he  had  used  a  gap  structure  built  exactly 
according  to  the  description  given  in  my  paper.  The  fact  that 
he  presented  these  apparently  contradictory  data  without  giv- 
ing sufficient  information  to  enable  the  reason  for  the  discrep- 
ancy to  be  pointed  out  was  called  to  his  attention  in  the  closure 
tOjthat  discussion.^    It  is  unfortunate  that  Mr.  Peek  has  not 

1.  C.   T.  Allcutt,  "Lightning  Arrester  Spark  Gaps,",  Transactions f 
A.  L  E.  E.     Volume  XXXVII  Part  II,  p.  833.     F.  W.  Peek,  Discussion. 

Transactions  A.  I.  E.  E.,  Vol.  XXXVII.     Part  II,  p.  855. 

2.  C.T.  Allcutt,  Discussion  Trans.  A.  I.  E.  E.,  Vol.  XXXVII.  Part 
II.  p.  867. 
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taken  advantage  of  this  opportunity  to  correct  the  omission. 
Following  are  a  few  of  the  facts  that  should  have  been  included 
in  his  paper  and  without  which  his  data  are  of  little  value. 

(1)  Nature  and  capacity  of  condenses  employed. 

(2)  Nature  and  resistance  of  unbalancing  resistors  em- 
ployed. 

(3)  Size,  shape  and  position  of  auxiliary  electrode. 

(4)  Position  of  the  various  conducting  elements  of  the  gap 
structure  which  determine  the  capacity  between  the  various 
electrodes. 

The  same  objection  applies  to  the  data  given  in  Table  IX, 
although  in  this  case  there  is  no  direct  implication  that  the  gap 
tested  was  substantially  the  same  as  the  one  described  by  me 
last  June.  In  fact,  some  of  the  data  given  in  Table  IX  check 
fairly  well  with  some  results  of  tests  that  have  been  made  in 
our  laboratory  on  the  standard  commercial  impulse  gap  struc- 
ture so  it  is  entirely  possible  that  some  of  Mr.  Peek's  tests  were 
made  on  such  a  gap.  The  difference  existing  between  Mr. 
Peek's  results  and  those  given  in  the  curves  accompan3ing  this 
discussion  may  then  be  due  either  to  a  gap  structure  differing 
materially  from  the  one  used  in  my  tests,  or,  to  improp^  ad- 
justment of.  the  gap  electrodes  and  the  fact  that  Mr.  Peek's 
tests  were  made  with  non-grounded  impulses.  It  is  obvious 
that  under  service  conditions  one  of  the  electrodes  is  at  ground 
potential  until  after  the  discharge  across  the  gap  has  taken 
place,  so  any  tests  made  should  be  with  one  electrode  grounded 
if  service  conditions  are  to  be  properly  simulated. 

The  use  of  non-grounded  impulses  is  also  open  to  criticism  in 
connection  with  the  tests  on  the  balanced,  double-sphere  gap 
recorded  in  Table  X,  although  in  this  case  it  is  not  believed  mat 
the  test  results  would  be  much  changed  by  the  use  of  grounded 
impulses. 

As  I  do  not  believe  that  Mr.  Peek's  data  on  the  selective  gap 
in  any  way  represent  the  characteristics  that  are  obtained  in 
practise  with  the  commercial  form  of  impulse  gap,  I  am  pre- 
senting here  curves  showing  the  discharge  characteristics  of  a 
standard  44-kv.  impulse  gap.  For  comparison  with  Mr.  Peek's 
data  I  have  plotted  the  curves  showing  the  impulse  discharge 
voltage  as  a  function  of  the  60-cycle  discharge  voltage  under 
rain  conditions.  I  heartily  endorse  Mr.  Peek's  contention  that 
this  is  the  only  proper  basis  of  comparison  for  gaps  used  out  of 
doors.  For  some  time  past  in  our  laboratory  we  have  been 
comparing  protective  gaps  on  the  basis  of  what  we  have  termed 
"protection  factor"  instead  of  on  the  basis  of  "impulse  ratio." 
Protection  factor  is  defined  tentatively  as  the  ratio  of  the  im- 
pulse discharge  voltage  to  the  60-cycle  discharge  voltage  under 
rain  conditions.  For  in-door  gaps  the  protection  factor  is  the 
same  as  the  impulse  ratio.  Mr.  Peek's  quantity  is  proportional 
to  the  protection  factor. 

Fig.  1  is  a  photograph  of  the  gap  tested.  Fig.  2  is  a  sche- 
matic diagram  of  the  electrical  circuit  of  the  gap.    The  capaci- 
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tance  for  maintaining  the  auxiliary  electrode  at  the  proper 
potential  is  furnished  by  the  pin  type  insulators  (a)  and  (6). 
These  insulators  have  an  electrostatic  capacity  of  about  2  x  10~** 
farads.  Due  to  the  effect  of  capacity  to  ground,  the  aujdliary 
electrode  is  not  maintained  at  a  potential  half  way  between  the 
potentials  of  the  two  main  electrodes  by  the  condensers  (a)  and 
(6).  It  has  been  found  by  experiment  that  the  proper  position 
of  the  auxiliary  electrode  is  such  that  its  distance  from  the 
sphere  horn  "m"  is  six-tenths  of  the  gap  length.  In  this 
position  it  does  not  disturb  the  field  when  a  60-cycle  voltage  is 
applied  across  the  gap.  The  unbalancing  resistance  is  furnished 
by  the  resistors  (c)  and  (d).  These  resistors  have  about 
250,000  ohms  resistance  each.  The  resistors  are  about  12  in. 
(30  cm.)  long  and  are  of  a  special  composition  that  retains  its 


Fig.  2 — Diagram  of  Impulse  Gap 


high  resistivity  under  the  most  severe  conditions  of  high  voltage 
and  high  frequency.  They  are  enclosed  in  porcelain  tubes 
mounted  on  the  porcelain  pillar  (e).  The  auxiliary  electrode 
(/)  is  a  pointed  brass  rod  0.0808  in.  (0.2  cm.)  in  diameter  held  in 
a  ^  in.  (0.95  cm.)  diameter  brass  support  member  {g),  which  is 
in  turn  mounted  on  an  arm  Qi)  of  1  in.  (2.54  cm.)  angle  iron. 
The  hemispheres  (j)  mounted  on  the  bonis  are  made  of  brass 
and  are  12.5  cm.  in  diameter.  In  practise  the  charging  resist- 
ance of  the  arrester  is  connected  between  the  horn  members  {k) 
and  {I).  For  the  purpose  of  test,  (fc)  and  {I)  were  connected 
together  and  grounded  to  the  frame  of  the  gap  structure. 

The  impulse  discharge  voltage  of  the  gap  was  determined 
by  direct  comparison  with  a  12.5  cm.  sphere  gap  connected  in 
parallel  with  it.  The  high-tension  electrodes  of  the  gap  under 
test  and  of  the  sphere  gap  were  connected  together  by  a  straight 
lead  and  the  connection  to  the  impulse  generator  was  brought 
out  from  the  middle  point  of  this  lead.  The  impulse  generator 
itself  was  connected  as  shown  in  Mr.  Peek's  Fig.  3  (Case  A). 
The  following  circuit  constants  were  employed: 

For  100  kilocycle  impulse,  c  =  5  X  10-«  farads. 

L  =  1.25  X  10-«  henries  and  E  =  1000  ohms. 
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For  420  kilocycle  impulse,  C  =  5  X  10"*  farads. 

L  =  8.3  X  10 ~-  farads,  R^=  320  ohms. 

For  3000  kilocycle  super-impulse,  C  =  5  X  lO-*  farads. 

L  =  8.3  X  10-^  henries  and  R  =  4800  ohms. 

The  condenser  employed  consisted  of  a  stack  of  one  hundred 
impregnated  paper  condensers  connected  in  series.  EJach  con- 
denser had  a  capacity  of  0.5  microfarad.  Single  layer  sole- 
noids were  used  as  inductances  in  the  oscillating  circuits  and 
water  tube  resistances  were  employed.  The  test  methods  fol- 
lowed were  those  outlined  in  my  papers.' 


60  ~   DISCHARGE  VOLTAGE-WH      KV  MAX. 

Fig.  :i — Impulse  Gap  Characteristics 


Figs.  3,  4  and  5  give  the  results  of  tests  made  with  impulse 
voltages  of  different  steepness  of  front.  The  lowest  curve, 
marked  "Impulse  gap  with  extra  capacity,"  gives  the  results 
of  tests  made  on  the  standard  gap  structure  but  with  additional 
capacitance  connected  between  the  auxiliary  electrode  and  each 
horn,  bringing  the  total  capacity  on  each  side  of  the  auxiliary 
electrode  up  to  about  10-*°  farads.  This  capacity  is  about  the 
same  as  that  employed  in  the  experimental  gap  described  in  my 
1918  paper  and  these  results  check  quite  well  with  the  results 
published  in  that  paper.  It  will  be  seen  that  the  improvement 
due  to  the  additional  capacity  is  slight  at  100  kilocycles  and 
420  kilocycles  (Fig.  3  and  4)  and,  since  it  is  believed  that  this 
represents  the  range  of  frequencies  to  be  expected  in  practise, 

.S.  "Lightning  ArreHt<'r  Spark  (Japs,"  (\  T.  AUcutt,  Transactions 
A.  I.  E.  E.,  Vol.  XXXVII. 
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the  added  expense  of  the  extra  capacity  was  not  believed  justi- 
fied in  the  commercial  design. 

Fig.  5  is  given  for  the  purpose  of- comparison  with  the  tests 


MM  K 

1 

KPULSE 

y 

e'i6o 

f 

V. 

/ 

'/y 

i" 

Va 

f 

'/ 

«>.  cS 

wwavcH 

> 

wwx.    "* 

»        l» 

1170 


TRANSIENT  VOLTAGES 


U"' 


■  27 


at  2000  kilocycles,  upon  which  Mr.  Peek  laya  such  stress.  The 
tests  were  made  with  a  213-kv.  wave  having  the  same  initial 
steepness  as  Mr.  Peek's  340~kv.  2000-kilocycle  wave.  I  be- 
lieve this  wave  to  be  much  steeper  than  any  that  can  be  ex-, 
pected  in  practise.  The  initial  steepness  of  Mr.  Peek's  2000- 
kilocycle  wave  is  about  1.2  x  10""  volts  per  second.  This  is 
equivalent  to  a  340-kv.  sine  wave  of  more  than  5000  kilocycles. 
From  the  data  given  by  Mr.  Steinmetz  in  his  recent  paper*  it 
may  be  shown  that  an  infinitely  steep  wave  front  of  340-kv. 
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Fig.  6 — Comparison  of  Wave  Frosts 

magnitude  will  be  reduced  to  a  maximum  steepness  of  3.2  x  10~'* 
volts  per  second  after  travelling  30  meters.  This  is  only  one- 
third  as  steep  as  the  wave  used  by  Mr.  Peek.  Even  if  we  ad- 
mit the  possibility  of  starting  an  infinitely  steep  wave  front  in 
a  transmission  line,  it  would  have  to  be  started  within  a  few 
feet  of  an  arrester  in  order  to  apply  as  steep  a  wave  front  to  the 
gap  as  Mr.  Peek  used  in  his  laboratory  tests.  For  this  reason 
it  13  not  believed  that  the  results  shown  in  Fig.  5  in  any  way 
represent  a  condition  liable  to  occur  in  practise.  Fig.  6  shows 
the  wave  fronts  used  by  Mr.  Peek  and  myself.  A  2000-kilo- 
cycle sine  wave  front  is  also  plotted  for  comparison. 

'  C.    P.    Steinmetz, 
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Figs.  7  and  8  show  the  discharge  characteristics  of  the  selec- 
tive gap  in  comparison  with  the  covered  or  indoor  sphere  gap 
and  Mr.  Peek's  balanced  double-sphere  gap.  Fig.  7  shows  a 
covered  or  indoor  impulse  gap  as  compared  with  a  covered  or 
indoor  sphere  gap.  Fig.  8  gives  the  characteristics  of  a  double 
balanced  sphere  gap  in  comparison  with  those  of  one  of  a  niun- 
ber  of  forms  of  protected  impulse  gaps  that  are  being  experi- 
mented with.  Fig.  9  shows  diagrammatically  the  prot^ted 
impulse  gap  tested.  The  gap  structure  shown  in  Fig.  1  was 
used  for  the  main  gap  and  a  6.25  cm.  sphere  gap  connected  be- 
tween the  auxiliary  electrode  and  one  of  the  main  electrodes. 
The  sphere  gap  (g)  shunting  one-half  of  the  main  gap  may  be 
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Fig.  7 — Covered  or  Indoor  Impulse  Gap 


protected  from  the  weather.  A  discharge  across  (g)  is  followed 
immediately  by  a  discharge  between  the  auxiliary  electrode  (a) 
and  the  horn  (6).  The  rising  arc  quickly  transfers  from  the 
auxiliary  electrode  (a)  to  the  horn  (c),  shorting  out  the  arc 
across  (g)  and  effectively  extinguishing  it.  This  construction 
has  been  found  to  secure  a  very  quick  and  effective  suppression 
of  the  arc  across  (g),  this  permitting  the  use  of  a  relatively  small 
shelter. 

In  the  present  state  of  development,  however,  there  is  some 
doubt  as  to  the  efficacy  of  the  protected  gap  structures  pro- 
posed. We  have  found  that  merely  wetting  the  surfaces  of  the 
electrodes  of  a  gap  will  reduce  the  discharge  voltage  to  prac- 
tically as  low  a  value  as  will  actual  rainfall.    It  is  obvious  that 
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a  shelter  which  merely  protects  a  gap  from  direct  rai  iiatl  cannot 
prevent  the  formation  of  moisture  on  the  electrodes  in  foggy 
weather,  and  unless  the  electrodes  can  be  kept  dry  under  all 
conditions  the  purpose  of  the  shelter  will  be  defeated. 

In  his  discussion  of  the  balanced  double  sphere  gap  Mr.  Peek 
apparently  loses  sight  of  the  fact  that  an  ujihalancedjiovLhle 
sphere  gap  actually  has  a  lower  impulse  discharge  voltage  than 
a  balanced  double  sphere  gap  with  the  same  gap  setting.  The 
higher  impulse  ratio  of  unbalanced  gap  is  due  to  the  fact  that 
unbalancing  the  gap  causes  a  greater  reduction  in  the  60-cycle 
discharge  voltage  than  in  the  impulse  discharge  voltage.     This 
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may  be  illustrated  by  reference  to  Mr.  Peek's  Table  III.  Mr. 
Peek  finds  that  two  gaps  in  series  set  at  0.45  cm.  and  2.59  cm. 
respectively,  will  spark  ove  on  60  cycles  at  72  kv.,  unbalanced, 
and  at  101  kv.,  balanced.  On  a  500-kilocycle  impulse  the  same 
gaps  will  discharge  at  86  kv.,  unbalanced,  and  103  kv.,  balanced. 
It  is  obvious  from  these  figures  that  the  best  protection  would 
be  obtained  by  having  the  gaps  unbalanced  for  impulse  volt- 
ages and  balanced  for  60-cycle  voltages.  This  can  be  accom- 
plished by  connecting  a  high  resistance  or  a  reactance  in  series 
with  one  of  the  condensers  used  for  balancing  the  voltage  across 
the  gaps,  i.e.,  by  applying  the  selective  principle  of  the  impulse 
gap. 

Following  the  line  of  reasoning  given  in  his  discussion  at  At- 
lantic City,  Mr.  Peek  again  maintams  in  his  present  paper  that 
the  impulse  ratio  of  the  selective  gap  is  an  "opparerU"  impwfae 
ratio.    We  look  in  vain  for  a  statement  of  his  definition  of  true 
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impulse  ratio  as  applied  to  a  selective  gap.  From  the  figures 
he  gives  in  Table  VII  we  may  infer  that  Mr.  Peek's  definition  of 
impulse  ratio  as  applied  to  such  a  gap  reads  something  like  this: 
"The  impulse  ratio  of  a  selective  gap  is  the  ratio  of  the  impulse 
spark-overof  the  gap  to  the  60-cycle  spark-over  of  a  sphere  gap 
having  one-half  of  the  gap  setting  of  the  selective  gap."  What 
is  the  reason  for  this  arbitrary  definition?  Certainly  not  be- 
cause the  impulse  gap  may  be  regarded  as  consisting  of  two 
distinct  gaps  in  series.  The  balanced  double  sphere  gap  also 
consists  of  two  gaps  in  series  and  yet  its  impulse  ratio  is  com- 
puted according  to  Mr.  Peek's  original  definition  of  the  term 
(See  Table  III).     Suppose  this  same  balanced  double  sphere 
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gap  were  made  into  a  selective  gap  by  the  simple  expedient 
mentioned  in  the  preceding  paragraph.  What  would  be  the 
definition  of  its  impulse  ratio?  I  believe  it  will  be  found  sim- 
pler to  use  the  term  "impulse  ratio"  in  accordance  with  Mr. 
Peek's  original  definition  than  to  attempt  to  evolve  a  new  defini- 
tion for  every  new  type  of  gap  that  may  be  devised. 

In  discussing  the  theory  of  operation  of  the  selective  gap,  Mr. 
Peek  falls  into  the  error  of  assuming  that  the  discharge  voltage 
from  the  auxiliary  electrode  to  one  of  the  main  electrodes  is 
one-half  the  discharge  voltage  of  the  whole  gap.  In  the  select- 
ive gaps  which  I  have  described  and  tested  the  discharge  voltage 
of  the  half-gap  was  approximately  one-quarter  the  discharge 
voltage  of  the  whole  gap,  since  the  half-gap  is,  in  effect,  a  needle 
gap  while  the  whole  gap  is  a  sphere  gap.  Experimental  data 
diowing  this  fact  are  given  in  the  discussion  previously  referred 
to.^  If  the  half  gap  of  the  selective  gap  tested  by  Mr.  Peek  did 
have  the  characteristics  that  he  ascribes  to  it,  (in  Table  VII, 
for  example),  it  must  have  been  quite  different  in  design  from 
the  one  tested  by  me. 

6.     C.  T.  Allcutt,  Discussion,  Transactions,  A.  I.  E.  E.,  Vol.  XXXVII, 
page  868. 
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F.  W.  Peek,  Jr.:  My  object  in  writing  this  paper  was 
to  put  into  convenient  practical  form,  spark-over  data  for 
vanous  transient  and  lightning  voltages  for  different  tjrpes 
of  gaps.  The  gaps  discussed  range  all  tiie  way  from  the  needle 
gap  and  the  horn  to  the  large  sphere.  It  is  pointe<t  out  that 
tiie  protective  value  of  a  gap  depends  not  only  upon  the  light- 
ning spark  over  voltage,  but  also  upon  the  setting  imposed  by 
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Fig.  10 


operating  conditions.  A  ratio  is  given  dependent  upon  both 
of  Uiese  factors.  This  ratio  gives  the  true  relative  protective 
value  of  a  gap  and  may,  therefore,  be  called  the  protective  ratio. 
I  have  also  given  measured  data  on  the  steepness  of  waves 
actually  occurring  on  operating  transmission  lines.  Much 
steeper  waves  than  any  used  in  these  tests  have  been  observed 
on  transmission  lines.  In  fact,  I  first  noticed  that  the  lightning 
spark-over  of  certain  gaps  was  much  higher  than  the  normal 
spark-over  voltage  by  such  waves  on  a  large  transmission 
system. 
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Fig.   11 

I  called  attention  to  the  importance  of  considering  the  effect 
of  rain  on  the  spark-over  voltage  in  my  discussion  at  Atlantic 
City  last  year.  Complete  data  are  now  given  for  the  effect 
of  rain,  etc.  The  relative  protective  values  of  the  various 
gaps  are  given  in  Figs.  14, 15  and  16  in  my  paper. 

Mr.  AUcut  has  asked  a  nimiber  of  questions  with  particular 
reference  to  the  selective  gap,  which  I  will  try  to  answer.  I 
have  always  tried  to  give  complete  data  as  to  methods  and 
constants.  Much  of  this  will  be  found  in  my  1915  paper,  my 
discussion  at  Atlantic  City,  and  in  the  appendix  to  the  pres- 
ent paper.  I  believe  that  all  of  the  data  necessary  to  dupli- 
cate the  work  are  given. 

Various  types  of  condensers  were  used  such  as  glass  plates 
of  very  large  capacity  and  high-capacity  line  insulators.     Th^ 
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condensers  used  in  the  test  had  a  capacity  of  the  same  order 
as  those  used  by  Mr.  Allcut. 

Water  tube  resistance  was  used.  Anything  above  200,000 
ohms  gives  satisfactory  results.  The  resistance  should  be  as 
large  as  possible  without  giving  an  appreciable  drop  due  to 
the  60-cycle  capacity  current. 

The  auxiliary  electrode  was  placed  between  the  spheres  and 
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Fig.   12 

set   to   give   maximum   60-cycle   spark-over   and   minimum 
lightning  spark  over  voltage. 

It  is  true  that  careful  adjustment  of  the  auxiliary  electrode 
is  necessary.  It  is  not,  however,  especially  difficult  to  make 
this  adjustment  and  keep  it  in  the  laboratory.  The  gap  is 
also  quickly  thrown  out  of  adjustment  due  to  leakage  by  rain 
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Fig.  13 

on  the  condensers.  I  have  not  found  the  exact  size  of  the 
center  electrode  of  the  utmost  importance.  Tests  were  made 
on  wires  varying  from  0.035  in.  to  0.25  in.  The  smaller 
sizes  were  used  on  the  6.25-cm.  spheres.  A  small  enough 
electrode  was  used  to  give  the  best  results.  Some  difficulty 
was  had  with  the  very  small  ones  du^  to  vibration  caused  by 
the  60-cycle  voltages. 
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The  sphere  part  of.  the  gap  was  always  arranged  so  that 
distortion  did  not  take  place  and  tiie  spark-over  voltage  thus 
corresponded  to  the  standard  curves. 

Some  of  the  tests  were  made  as  a  matter  of  convenience 
without  grounding  one  sphere.  Check  tests  with  one  sphere 
grounded  show  that  the  relative  protective  value  is  the  same 
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for  both  cases.    The  method  of  making  tests  is  always  indi- 
cated on  the  data. 
Regarding  Mr.  Allcutt's  question  on  the  break  down  voltage 
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Fig.  15 


of  "one-half"  the  gap,  in  practise  the  lightning  voltage  is 
between  line  and  ground  or,  in  other  words,  is  applied  between 
the  two  spheres. 

At  operating  voltages  the  auxiliary  electrode  assumes  the 
proper   potential    bemuse   of   the   two   condensers.    When 
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transients  are  applied  the  resistance  acts  as  an  open  circuit  so 
that  the  potential  of  the  auxiliary  electrode  is  fixed  by  one 
condenser  as  in  Fig.  11.  In  determining  the  breakniown 
voltage  of  one-half  the  gap,  therefore  the  voltage  should  be 
applied  as  in  Fig.  12,  and  not  as  in  Figs.  13  or  14. 

The  field  due  to  the  lightning  voltage  across  the  two  spheres 
greatly  decreases  the  stress  on  the  center  electrode.  The 
break-down  voltage  is  much  higher  for  Fig.  12.  When  the 
test  is  made  as  in  Fig.  12,  the  break  down  is  approximately 
one-half  the  break  down  for  the  total  gap;  when  made  as  in 
Fig.  13  it  is  approximately  one-third  that  of  the  total  gap. 

I  do  not  know  how  Mr.  Allcutt's  measurements  were  made, 
but  his  figures  indicate  by  either  method  13  or  14.  The 
size  of  the  electrode  over  a  considerable  range  does  not  materi- 
ally affect  results. 

The  term  frequency  may  be  misleading.  It  is  not  the 
frequency  with  which  we  are  principally  concerned,  but  the 
rate  or  steepness  at  which  the  voltage  is  applied  up  to  the 
breakdown  point.  As  shown  in  Fig.  15,  a  very  high  voltage — 
500-kc.  wave — may  be  less  steep  in  effect  than  a  2000-kc. 
wave  at  a  lower  voltage. 

I  am  interested  to  note  that  Mr.  AUcutt  now  checks  with 
me  in  the  fact  that  the  spark-over  voltage  of  the  selective  gap 
increases  with  the  steepness  of  the  wave  front.  For  instance, 
at  80  kv.,  in  his  Figs.  3,  4  and  5  the  spark-over  voltages  are 
100,  120  and  165  at  respectively  100,  420  and  3000  kc.  His 
former  tests  indicated  that  the  effect  of  wave  front  was  not 
material.    Our  data  in  general  agree  qualitatively. 

It  is  of  interest  to  note  that  the  importance  of  the  setting 
factor  may  be  well  illustrated  in  his  Fig.  13.  If  the  needle-gap 
curve  is  plotted  on  this  figure,  it  will  be  found  to  give  better 
protection  than  the  impulse  gap  under  this  condition,  due  to 
the  effect  of  rain.     See  Fig.  15  in  my  paper. 
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ORDER    AND    AMPLITUDE    OF    HARMONICS    IN 
VOLTAGE   WAVE   FORMS   WITH    INDICATING 

INSTRUMENTS 


BY  LESLIE  F.  CURTIS 


Abstract  op  Paper 

The  author  presents  a  method  for  the  determination  of  the 
order  and  percentage  of  the  various  components  of  an  alternating 
wave  of  e.  m.  f.,  using  indicating  meters  and  other  inexpensive 
apparatus. 

Two  examples  are  given.  Oscillograms  are  included  to  show 
interesting  phenomena  and  to  check  the  results  of  the  calcula- 
tions. 

The  value  of  so-called  standards  for  the  indication  of  wave 
form  is  questioned. 


Introduction 

MANY  writers  have  discussed  the  relative  merits  of  various 
combinations  of  resistance,  inductance  and  capacitance 
when  used  as  devices  for  indicating  the  deviation  of  alternating 
wave  forms  from  the  sine  curve.  They  have  also  defined 
certain  terms  such  as  form  factor^  deviation  factor,  distortion 
factor^  etc.,  applicable  to  the  above  devices  when  used  with 
indicating  meters  as  standards'.  (They  have,  however,  failed 
to  show  any  method  by  which  the  order  and  amplitude  of  the 
various  harmonics  might  be  obtained  by  indicating  meters.) 
Each  of  the  proposed  standards  is  also  open  to  the  objection 
that  the  result  obtained  by  its  use  is  entirely  dependent  upon 
the  order  of  the  harmonics  in  question  and  upon  the  size  of  the 
reactances  used. 

The  maximum  distortion,  which,  in  practise,  might  result 
from  the  resonance  of  a  certain  harmonic  in  a  long  transmission 
line  with  distributed  inductance  and  capacity,  would  be 
produced  by  such  devices  in  test  only  by  chance.  It  is,  how- 
•  ever,  only  this  resonant  condition  for  the  higher  harmonics  that 
can  cause  disturbances  which  can  be  charged  to  generator  wave 

1.  See  references  at  end  of  paper. 
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form.  In  the  absence  of  oscillograms,  it  is  therefore  necessary 
to  produce  resonance  of  the  various  harmonics  generated  within 
the  machine  before  its  worst  behavior  can  be  predicted. 

In  making  an  oscillographic  study  of  the  charging  currents 
for  condensers  of  various  sizes  from  the  same  source  of  alternat- 
ing current  it  was  found  that  the  current  wave  forms  varied 
greatly  with  the  size  of  the  condenser  used.  The  ratio  of  the 
apparent  reactance  to  the  true  reactance  of  the  same  condenser 
when  supplied  with  a  sine  wave  of  voltage  at  the  same  fre- 
quency, as  suggested  by  a  previous  writer*,  likewise  depended 
upon  the  size  of  the  condenser.  It  was  also  foimd  that  the 
resistance  and  inductance  of  the  generator  circuit  had  a  decided 
effect  on  the  indications. .  A  method  was  then  developed  which 
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gave  a  solution  for  the  order  and  amplitude  of  the  harmonics 
present  in  a  given  form  from  the  readings  obtained  with 
inexpensive  indicating  meters  and  other  apparatus. 

It  is  the  purpose  of  this  paper  to  present  this  solution 
together  with  two  examples  of  its  use  with  oscillograms  taken 
to  show  the  various  wave  forms  of  current  and  voltage.  The 
method  outlined  below  gives  no  indication  of  the  relative  phase 
positions  of  the  components  and  therefore  no  accurate  indica- 
tion of  the  maximum  value  of  the  resultant  wave.  In  figuring 
the  maxima  of  voltage  or  current  waves  the  relative  phase 
position  is  important  only  for  the  lower  harmonics,  the  third 
and  fifth.  Thus  for  most  purposes,  the  phase  position  of  the 
components  is  not  required  and  their  order  and  percentage  is 
a  sufficient  indication  of  the  character  of  the  wave. 
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Method 

The  method  is  that  of  obtaining  resonant  conditions  for  the 
nth  harmonic  in  the  generated  voltage  by  several  separate 
adjustments  of  inductance  and  capacitance  in  series  with  a 
certain  amount  of  protective  resistance.  When  resonance  has 
been  obtained,  a  second  reading  is  taken  with  added  series 
resistance. 

The  diagram  of  the  connections  used  is  shown  in  Fig.  1. 
The  alternator  supplying  the  wave  to  be  tested  is  assumed  to 
have  an  inductance  Lo  and  a  resistance  Ro-  Resistance  R  and 
inductance  L  may  be  added  to  the  circuit  at  will  by  means  of 
switches  5j  and  5  3.  Vand  F  indicate  a  voltmeter  and  frequency 
meter  connected  to  the  machine  by  throwing  switch  Si  to  the 
left.  On  throwing  Si  to  the  right  an  adjustable  condenser 
C  —  Co  is  connected  in  the  circuit.  In  parallel  with  this  is  a 
small  fixed  condenser  Co,  the  current  in  which  may  be  measured 
by  a  small  hot-wire  meter  A  of  negligible  resistance.  C  is 
therefore  the  total  capacitance. 

For  a  given  initial  voltage  and  frequency  the  resonant  points 
for  the  harmonics  are  indicated  by  a  maximum  deflection  of 
meter  A.  If  i?o  is  not  sufficient  for  protection  of  the  condenser 
from  abnormal  voltages  at  resonance,  more  resistance  may  be 
added  and  considered  as  a  part  of  the  generator.  If  Lo  is  not 
large  enough  to  produce  resonance  of  the  lower  harmonics  with 
the  amount  of  capacitance  C  available,  more  inductance  may 
be  added  and  considered  as  a  part  of  the  generator. 

The  calculation  consists  of  two  parts;  the  determination  of 
the  order  of  the  harmonics  present  and  the  calculation  of  their 
amplitude.  Table  I  gives  a  summary  of  the  notation  used  in 
the  calculations. 

Table  I— Notation 

L  Known  inductance. 

R  Known  resistance. 

Co  Known  fixed  capacitance. 

C  —  Co  Known  adjustable  capacitance. 

C  Total  capacitance. 

Ci,  etc.  Particular  value  of  C. 

w  Angular  velocity  of  fundamental  wave. 

n  Order  of  harmonic. 

Bn  Effective  wth  harmonic  in  generated  voltage. 

Pn  Percentage  of  wth  harmonic  in  terms  of  fundamental 
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E  Effective  value  of  resultant  generated  voltage. 

i„  Effective  value  of  ?^th  harmonic  in  current. 

/  Effective  value  of  resultant  current. 

D  Deflection  of  hot-wire  meter. 

K  Calibration  constant  for  A  (See  Fig.  13). 

r„  Resistance  of  circuit  to  nth  harmonic. 

Xn  Reactance  of  circuit  to  nth  harmonic. 

Order  of  the  Harmonics 

The  order  of  the  harmonics  present  may  be  foimd  from  the 
values  of  capacitance,  Ci  and  d,  necessary  to  produce  reson- 
ance with  and  without  the  known  inductance  L  in  series. 

In  the  first  case 

1 

Lon  CO +Ln  co=  YT— — -  (1) 


in  the  second 


Lon  0)  =  -7y (2) 


from  which 


n  =  1/w  V  1/L  (1/Ci  -  I/C2)  (3) 


If  the  result  is  not  exactly  a  whole  number  it  may  be  cor- 
rected as  it  is  known  that  n  must  be  an  integer  and  probably 
odd.  If  another  harmonic  is  present,  its  order  may  be  deter- 
mined in  the  same  way  from  new  adjustments  of  capacitance, 
Cs  and  Ca,  with  and  without  the  inductance  L.  An  alternative 
method  is  to  continue  the  curve  upon  which  Ci  or  d  produced 
resonance  after  one  of  the  harmonics  has  been  determined  and 
take  one  additional  reading  of  capacitance  for  the  resonance  of 
the  other  harmonic. 

• 

In  this  case 

1 


and 


^o(^=      ^   ^a  ^,  (4) 

U2  W^  CO 


C2  n^  CO  U4  n*  CO 


from  which 


n'  =  n  V  Ct/Ci  =  n  V  c,/Cz  (6) 
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Amplitude  of  the  Harmonics 

Having  found  the  order  of  the  harmonics  present  it  is  easy 
to  determine  their  amplitude  by  taking  additional  readings  of 
the  current-squared  meter  with  a  known  resistance  inserted  in 
the  circuit  and  with  the  capacitance  adjusted  for  the  resonance 
of  the  harmonic  in  question. 

In  order  to  introduce  no  errors  due  to  current  in  circuits  in 
parallel  with  the  capacitance  and  to  necessitate  no  correction 
therefor,  no  voltmeter  or  other  device  should  be  connected  when 
the  readings  of  the  hot-wire  meter  are  taken. 

For  resonance  of  the  nth  harmonic 

Lo  0)=  -7^ — 5 —  (4) 

and 

in  =  ejr^  (7) 

*l  =      1.1  1       Tf  (8) 


\^''"^  (   Cjw^  w         C2  w  ) 


ta  = 


\  ^''  "^  (   C2  w2  CO  "^     3  C2  CO  / 


(9) 


It  will  be  noted  that  the  resistance  of  the  circuit  is  assumed 
to  depend  upon  the  frequency  of  the  harmonic.  In  practise  it 
is  shown  that  the  resistance  increases  with  the  frequency.  In 
most  practical  cases  the  resistances  ri,  rs,  etc.,  are  so  small 
compared  to  the  other  terms  under  the  radical  that  they  may  be 
neglected. 

Therefore 

(10) 


tl  = 

1 

1      = 
Ci  CO 

Xi 

Co  n^  CO 

and 

63 

_     eiPa 

is 

3 

1 

Xs 

Cin^  CO 

3C2  CO 

But 

■ 

(11) 


/=  V*i* +  »»'  +  •  ...»»'+.,..  (12) 
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therefore 


^^'V-^ 


P^2  p^ 

+  "TT"     +   •  •   •   •        2      ["••••       (13) 


The  resultant  voltage  E  is 


JE  =   V  Ci*  +  €3*  +  ....  en^  +  ...  . 

=  ei  vt+pttttttpttttt:  (M) 

and  when  no  harmonic  exceeds  10  per  cent  of  the  fundamental, 
ei  may  be  replaced  by  E  with  less  than  1  per  cent  error. 
Now 

/'=  A^'  (15) 


therefore 

KDC2'  __      1       .     Ps^     .  Pn' 

'0 


WC7~        Xi2    +    X32    "^  •  '  •  •   r  2    +  '•  •  •  •   ("^ 


When  a  resistance  R  is  placed  in  series  a  new  reading  D^  is 
obtained  and  the  corresponding  equation  is 

KD'Ci"  ^     1       ,    Pa^ 


E^Co''  xi^     '     X3^ 


P^2 

+  '  '  '  '    (r,  +  /?)2  "  +  •  •  •  •  (") 


therefore 


(18) 


and 

P«*  =  (r,  +  /Z)' 


C  g  D'  Ca' 1_     _P3l_  ) 


(19) 


Now  usually  all  terms  except  those  containing  constants  of 
the  fundamental  and  the  nth  harmonic  are  negligible,  therefore 


(KDC.^ 1_) 


(20) 
and 

p.*  =  (r.  +  RY  (  ^^  -  ^  )  (21) 


1919] 


CURTIS:  HARMONICS 


from  which  numerical  values  of  r,  and  P.  may  be  obtained. 
If  the  other  terms  are  appreciable,  an  approximate  solution 
may  be  made  by  equations  (20)  and  (21)  for  all  of  the  harmonics 
and  then  corrected  by  using  equations  (18)  and  (19). 

It  is  suggested  that  if  a  calibrated  condenser  is  not  available, 
that  the  adjustments  be  made  for  the  current  maxima  and  that 
the  corresponding  capacitance  be  measured  on  a  sine  wave 
before  changing  the  condenser  setting.  If  no  adjustable 
condenser  is  available,  a  fixed  condenser  and  calibrated  induc- 
tance may  be  substituted.  The  equations  should  then  be 
modified  to  use  inductance  as  the  abscissa  of  the  reson- 
ance curves. 

Example  I :  The  open  circuit  wave  form  of  a  delta^onnected 
alternator,  1200  rev.  per  min.,  220  volts,  run  at  normal  speed 
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but  at  100  volts,  is  shown  by  the  oscillogram  in  Fig.  2.  The 
resonance  curves  for  this  machine  by  the  above  method  without 
and  with  the  known  inductance  L  in  series  are  shown  in  Fig.  3. 

The  inductance  L,  when  measured  separately  on  a  180-cycle 
wave  gave  a  reactance  of  12.6  ohms,  and  therefore  had  an 
inductance  of  0.0111  henry.  During  the  test  an  additional 
inductance  of  unknown  value  was  permanently  connected  in 
the  circuit.    Co  was  0.72  microfarads. 

a.    Order  of  the  Harmonics: 

Maximum  points  A  and  B,  in  Fig.  3,  corresponding  to  3 ,  53 
and  3 .  11  microfarads,  are  evidently  due  to  the  same  harmonic. 
The  equation  for  the  determination  of  its  order  is  (3). 


Substitute  and     n  =  -j^  ^  :oIu(-OT  "  F^) 
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from  which  n  equals  4.9  and  therefore  indicates  the  fifth 
harmonic. 

Maximum  points  C  and  D,  at  1 .78  and  1 .  57  microfarads  in 
Fig.  3  are  due  to  the  presence  of  another  harmonic.  A  similar 
solution  to  that  above  gives  a  value  of  6 . 9  for  ?^  and  therefore 
indicates  the  seventh  harmonic. 

An  alternative  solution  is^  since  we  know  that  point  A  is  due 
to  the  fifth  harmonic, 


n'  =  5j4^=  7.0 


H 


From  .these  solutions  it  is  therefore  known  that  resonance 
points  A  and  B  are  due  to  the  fifth,  and  points  C  and  D,  to  the 
seventh  harmonic. 

b.    Amplitude  of  the  Harmonics: 

The  readings  for  the  determination  of  the  amplitude  of  the 
above  harmonics  are  given  in  Table  II.  Consider  the  condi- 
tions for  point  A. 

From  equation  (4), 

^«^=     3.53xyx27r60    =^°^^"^^ 

=  749  ohms 


C2  w         3.53x2  7r60 

Xi  =  749  -  30  =  719  ohms 
Substitute  in  equation  (20)  and 


P.2  =  r.« 


/0. 01214  X3.53^         J_    \ 
\     100'  X  6772'  7l9'  / 


Likewise  for  point  AS  when  a  resistance  of  2.66  ohms  is 
placed  in  series,  substitute  in  equation  (21)  and 

Solving 


P.-  (r.  +  2.66)^(Q?g!P>ll,f--^) 

V     100'  XO.72'  719V 

Solve  and  r^  equals  7 . 9  ohms  and  Pt  equals  4 . 1  per  cent. 
Points  B  and  B^  give  similar  results,  9 . 1  ohms  and  4 . 1  per 
Cent. 
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Solving  in  the  same  way  for  the  constants  for  the  seventh 
harmonic  from  the  values  for  points  C  and  C^  and  r?  equals 
9.7  ohms  and  P?  equals  1.7  per  cent. 


TABLE  II 
CRITICAL  VALUES  FOR  EXAMPLE  1 


Point 

c 

c. 

R 

D 

KD 

n 

/ 

A 

3.53 

0.72 

0.00 

78.0 

0.01214 

5 

0.540 

Ai 

3.53 

0.72 

2.66 

44.0 

0.00713 

5 

0.415 

B 

3.11 

0.72 

0.00 

76.0 

0,01183 

5 

0.470 

m 

3.11 

0.72 

2.66 

46.0 

0.00745 

5 

0.373 

c 

1.78 

0.72 

0.00 

57.0 

0.0091 

7 

0.236 

a 

1.78 

0.72 

2.66 

36.0 

0.0059 

7 

0.190 

D 

1.57 

0.72 

0.00 

53.0 

0.00848 

7 

0.201 

D« 

1.67 

0.72 

2.66 

35.0 

0.00574 

7 

0.165 

Mi 

2.62 

0.72 

0.00 

10.0 

0.0018 

5&7 

0.149 

Prom  points  D  and  DS  the  corresponding  values  are  10.8 
ohms  and  2 . 1  per  cent. 

Oscillograms  were  taken  to  check  the  above  results  and  to 
show  the  charging  current  for  the  various  total  capacitances. 
Kg.  2  is  an  oscillogram  of  the  no-load  voltage  of  the  machine 
and  is  the  true  generated  wave  form  of  the  machine  as  no 
capacitance  was  connected  and  the  resistance  was  at  least  ten 
times  as  great  as  the  reactance  of  the  circuit  to  the  seventh 
harmonic.  An  analysis  of  this  wave  gives  3 . 5  per  cent  of  the 
fifth,  and  1 . 6  per  cent  of  the  seventh  harmonic,  no  others  being 
appreciable. 

Fig.  4  is  the  wave  of  charging  current  (0.540  ampere)  for 
point  A  and  shows  the  predominance  of  the  fifth  harmonic. 
Fig.  5  is  a  similar  curve  of  charging  current  (0 .  236  ampere)  for 
point  C  showing  the  seventh  harmonic.  Fig.  6  is  the  wave  of 
charging  current  (0 .  149  ampere)  for  point  M  corresponding  to 
2.62  microfarads,  Fig.  3  showing  the  reduction  in  the  amplitude 
of  the  harmonics  in  current  and  the  beats  due  to  both  fifth  and 
seventh  harmonics. 

The  resistance  of  the  circuit  used  was  measured  with  direct 
current  and  found  to  be  5 . 2  ohms  for  points  A  and  C,  and  6 . 2 
ohms  for  points  B  and  D,  The  solutions  given  above  show  that 
the  resistance  to  the  higher  frequencies  was  very  materially 
increased. 

A  summary  of  all  of  the  above  calculated  data  is  presented  in 
Table  III. 
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Example  2:  The  machine  used  for  this  test  was  a  synchron- 
ous motor,  1800  rev.  per  min.,  110  volts,  run  as  a  generator  at 
100  volts.  The  open-circuit  wave  form  of  this  machine  is 
shown  in  Fig.  7,  which  upon  analysis  gives  3 . 5  per  cent  of  the 
fifth,  1.4  per  cent  of  the  seventh,  7.0  per  cent  of  the  eleventh 
and  2.5  per  cent  of  the  thirteenth  harmonics. 
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Unfortunately  the  machine  was  fitted  with  carbon  brushes, 
the  resistance  of  which  varied  with  the  current  denaity,  so  that 
no  check  could  be  made  of  the  above  percentages  by  the  method 
described.  It  was,  however,  possible  to  solve  for  the  order  of 
the  harmonics  which  are  indicated  in  the  resonance  curves 
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shown  in  Fig.  8  and  Fig.  9.  In  Fig.  8  a  large  unknown  induc- 
tance is  connected  in  the  circuit  to  make  possible  the  resonance 
of  the  lower  harmonics  (points  I,  J,  K)  with  small  capacitances. 
This  was  omitted  in  taking  the  curves  of  Fig.  9. 

In  Fig.  8  points  /  and  J,  corresponding  to  3.52  and  3.10 
microfarads,  show  the  resonance  of  a  harmonic  without  and 
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with  the  known  mductance  L  in  series.  A  calculation  shows 
this  harmonic  to  be  the  fifth.  Point  K,  corresponding  to 
1.55  microfarads  is  on  the  same  curve  with  point  J  (3.10 
microfarads)  and  therefore  indicates  the  seventh  harmonic. 
An  oscillogram  of  the  charging  current  at  point  /  (0.342 
ampere)  is  shown  in  Fig.  10.  In  the  above  Co  was  1 . 0  micro- 
farad. 

TABLE  III 
CALCULATED  VALUES  FOR  EXAMPLE  1 


Points 

n 

rn 

R 

Mean    Pn 

PfibyOscillograph 

A-A^ 

5 

7.9 

5.2 

4.1 

3.6 

B-B^ 

5 

9.1 

6.2 

C-O 

7 

9.7 

5.2 

1.9 

1.6 

D-Di 

7 

10.8 

6.2 

1 

100.0 

100.0 

TABLE  IV 
CRITICAL  VALUES  FOR  EXAMPLE  2 


Point 

C 

c. 

D 

kD 

n 

/ 

E 

4.27 

0.20 

21.0 

0.0035 

11 

1.260 

F 

2.34 

0.20 

42.5 

0.0069 

11 

0.971 

G 

3.40 

0.20 

7.5 

0.0013 

13 

0.550 

H 

1.65 

0.20 

8.0 

0.0014 

14 

0.309 

I 

3.52 

1.00 

81.0 

0.01255 

5 

0.394 

J 

3.10 

1.00 

77.0 

0.1020 

5 

0.340 

K 

1.55 

1.00 

16.5 

0.0028 

V 

7 

0.082 

Similar  solutions  for  points  E  and  F,  corresponding  to  4 .  27 
and  2 .  34  microfarads,  and  points  G  and  H,  corresponding  to 
3 .  10  and  1 .  65  microfarads,  as  shown  in  Fig.  9,  give  indications 
of  the  presence  of  the  eleventh  and  thirteenth  harmonics.  An 
oscillogram  of  the  charging  current  at  point  F  (0 .  971  ampere) 
is  shown  in  Fig.  11  and  that  for  point  H  (0.309  ampere),  in 
Fig.  12.  In  the  above  C  was  0.2  microfarads.  Fig.  12  is 
particularly  interesting  since  it  shows  the  beats  due  to  the 
eleventh  and  thirteenth  harmonics  even  when  the  thirteenth  is 
in  resonance,  that  is,  the  eleventh  is  not,  in  this  case,  negligible. 
This  might  also  be  surmised  from  the  shape  of  the  resonance 
curve. near  point  H  in  Fig.  9. 

A  tabulation  of  the  readings  at  the  critical  points  in  the  above 
example  is  given  as  Table  IV. 
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A  calibration  curve  of  the  hot-wire  met^  is  given  in  Fig.  13 
80  that  furtJi^  calculations  may  be  made  if  de^red. 

Conclusions 

It  is  practicable  to  test  for  the  order  and  amplitude  of  the 
harmonics  in  any  alternating  wave  of  voltage  by  the  use  of 
inexpensive  indicating  meters,  a  known  inductance  and  an 
adjustable  condenser  without  knowing  the  resistance  and  in- 
ductance of  the  machine  itself. 

A  small  change  in  the  capacitance  or  inductance  of  any  of 
the  so-called  wave  form  standards  may  result  in  a  great  change 
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in  the  current  in  the  circuit,  making  such  devices  unreliable. 
The  resistance  of  any  circuit  may  change  with  the  frequency 
of  the  harmonics  present  and  this  fact  may  introduce  an  error 
in  making  measurements  with  any  of  the  so-called  standards. 
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Discussion  on  "Order  and  Amputude  of  Harmonics  in 

Voltage  Wave  Forms  with  Indicating  Instruments" 

(Curtis),  Los  Angeles  Cal.,  September  18, 1919. 

N.  S.  Diamant:  I  will  call  attention  to  a  few  points 
which  may  be  of  interest  from  a  theoretical  and  practical  point 
of  view.  Considering  the  latter  first,  namely,  the  actual 
practical  value  of  the  method  described  by  Mr.  Curtis,  I  am 
afraid  the  method  is  not  quite  as  useful,  convenient  and  in- 
expensive as  he  seems  to  imply.  When  you  consider  the  fact 
that  you  need  known  inductances,  known  resistances,  known 
capacitances,  some  of  which  must  be  adjustable,  it  will  easily  be 
appreciated  that  the  method  is  not  so  very  simple  or  conven- 
ient; unless  it  should  just  happen  that  a  given  laboratory  is 
fairly  well  equipped  as  to  available  inductances  and  capaci- 
tances, but  does  not  happen  to  own  an  oscillograph.  In  an^ 
case,  it  would  seem  that  one  can  safely  venture  that  the  practi- 
cal value  of  the  method  is  rather  limited. 

Now  coming  to  the  second  consideration,  namely,  the  theo- 
retical and  academic  value  of  the  paper,  it  is  to  be  greatly 
regretted  that  the  author  does  not  make  any  reference  whatso- 
ever to  the  important  contributions  made  on  this  subject  years 
ago  by  men  like  Blondel,  Pupin  and  a  great  many  others.     It 
is  discouraging  to  find  that  the  author  gives  references  at  the 
end  of  his  paper,  but  really  the  references  he  gives  have  very 
little  to  do  directly  with  the  subject  of  the  paper  and  refer 
more  to  the  standardization  of  wave  form;    thus  when  Mr. 
Curtis  states  that  "th^  have  also  defined  certain  terms  such 
as  form  factor,  deviation  factor,  etc."  but  "they  have  failed 
to  show  any  method  by  which  the  order  and  amplitude  of  the 
various  harmonics  might  be  obtained  by  indicating  meters," 
I  am  afraid  he  is  not  quite  doing  justice  to  the  men  who  did 
considerable  work  along  this  line  before  and  after  the  perfection 
of  the  oscillograph.     The  above  remarks  are  not  intended  in 
any  way  to  detract  from  the  value  of  the  paper,  which  I  think 
is  considerable  from  the  point  of  view  of  an  instructor  of  an 
electrical  laboratory.     Before  closing  may  I  ask  Mr.  Curtis 
what  per  cent  variation  he  has  in  mind  when  he  assumes  that 
the  resistance  of  the  circuit  under  consideration  depends  upon 
the  frequency  of  the  harmonic.     In  radio  work  this  might  be 
so,  but  in  ordinary  electrical  work  it  is  not  probably  very  bad 
practise  to  assume  the  resistance  as  independent  of  the  fre- 
quency except  in  case  of  very  heavy  bars.    When  it  is  con- 
sidered that  in  the  method  outlined  by  Mr.  Curtis  we  are 
expected  to  use  ordinary  indicating  meters  and  inductances  and 
capacitances  whose  value,  I  suppose,  will  have  to  be  determined 
by  means  of  ordinary  methods  and  further  when  it  is  con- 
sidered that  if  the  result  which  indicates  the  order  of  the  har- 
monic does  not  happen  to  be  an  integer,  the  author  just  assumes 
it  to  be  the  nearest  odd  number,  I  say  that  when  all  these  ap- 
proximations are  considered  as  permissible,  the  effect  of  fre- 
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quency  on  resistance  seems  to  be  not  a  very  important  or  ra- 
tional refinement  to  be  taken  care  of. 

J.  C.  Albert:  Mr.  Curtis'  paper  presents  an  apparently 
simple  and  practical  method  for  determining  the  order  of 
harmonics  in  generator  voltage  waves,  but  his  failure  to  ob- 
tain the  amplitudes  of  the  wave  in  Example  (2)  leads  to  several 
questions. 

The  author  states  that  the  variable  resistance  of  the  carbon 
brushes  introduced  imavoidable  errors  in  the  calculations  of 
amplitude.  It  would  be  interesting  to  know  how  much  the 
carbon  brushes  affect  the  results,  and  whether  Mr.  Curtis 
has  made  any  experiments  to  determine  how  great  this  error 
might  be.  I  would  also  like  to  ask  whether  there  have  been 
other  experiments  made  on  generators  not  having  carbon 
brushes  but  having  an  appreciable  eleventh  and  thirteenth 
harmonic. 

In  Example  1  in  obtaining  point  A',  a  resistance  of  2.66 
ohms  was  added  in  series  with  the  capacity  and  inductance. 
I  assimie  this  to  be  the  resistance  offered  to  the  fifth  harmonic, 
and  it  would  be  instructive  to  know  how  this  is  measured. 

In  deriving  equations  (20)  and  (21)  the  statement  is  made 
that,  "Usually  all  terms  except  those  containing  constants  of 
the  fundamental  and  the  nth  harmonic  are  negligible,"  and 
concludes  by  stating  that,  "If  the  other  terms  are  appreciable, 
an  approximate  solution  may  be  made  by  equations  (20)  and 
(21)  for  all  the  harmonics  and  then  corrected  by  using  equations 
(18)  and  (19)." 

As  shown  in  the  oscillogram  Fig.  12,  in  which  the  thirteenth 
harmonic  is  in  resonance,  the  eleventii  has  considerable  effect. 
Now  in  the  derivation  of  formulas  (16)  and  (17)  the  resistance 
component  of  impedance  is  assumed  negligible  in  all  terms 
except  the  nth  which  is  in  resonance,  and,  therefore,  has  only 
resistance  and  no  reactance. 

It  seems  from  Fig.  12  that  in  dealing  with  two  successive 
harmonics  of  high  order,  as  the  eleventh  and  thirteenth,  that 
even  if  resonance  of  the  thirteenth  is  obtained  the  effect  of 
resistance  on  the  eleventh  might  be  large  compared  to  the 
effect  of  reactance  on  the  same,  and  should  enter  into  the  cal- 
culation after  the  first  approximation  is  obtained  by  equations 
(20)  and  (21)  or,  in  other  words,  the  impedance  instead  of  the 
reactance  only  should  form  the  denominator  of  the  (n — l)th 
term  of  the  series  in  formulas  (18)  and  (19). 

For  example,  the  point  marked  "E"  in  Table  IV  for  critical 
values,  the  author  shows  result  of  the  eleventh  harmonic  ob- 
tained with  the  capacity  of  4.47  microfarads.  To  balance 
this  capacity,  assimiing  the  eleventh  harmonic  on  a  60-cycle 
circuit,  an  inductance  of  approximately  0.013  henrys  would 
be  required.  These  values  of  capacitance  and  inductance  com- 
bined show  a  reactance  to  the  thirteenth  harmonic  of  only  a 
little  over  eight  ohms.    While  the  paper  does  not  state  the 
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resistance  used  in  obtaining  this  point,  we  find  that  the  resis- 
tance in  Example  (1),  point  A,  was  7.9  ohms,  so  that  the 
reactance  might  be  little  greater  than  the  resistance  for  this 
particular  case. 

Another  point  which  might  introduce  error  in  the  calcula-r 
tions,  when  two  successive  harmonics  of  high  order  are  present, 
is  that  the  hot-wire  ammeter  does  not  necessarily  mdicate 
that  the  nth  harmonic  is  in  resonance,  but  indicates  that  the 
impedance  to  the  complex  wave  is  a  minimum  near  the  point 
of  resonance  of  the  nth  harmonic,  or,  as  shown  by  the  F.  M. 
Mizushi  (authors  reference  No.  2)  that 

0)  =  y/(T  ^  SLC 

where  a  is  the  integral  distortion  factor 
and  b  is  the  differential  distortion  factor 
w  —  2  TT  /  w  near  point  of  resonance  of  nth  harmonic  then 
equation  (4)  would  become. 

27r/Lo  =  — 


2bTr}n^Ci 

This  solution  for  the  unknown  reactance  of  the  generator 
in  terms  of  C2  involves  two  unknown  quantities,  the  integral 
and  differential  distortion  factors. 

The  author  states  in  his  conclusion  that,  "A  small  change 
in  the  capacitance  or  inductance  of  any  of  the  so-called  wave 
form  standards  may  result  in  a  great  change  in  the  current  in 
the  circuit,  making  such  devices  unreliable."  Is  not  the 
same  true  of  his  method?  Will  not  the  amplitude  for  the 
different  harmonics  vary  with  the  variation  of  the  amount  of 
inductance  and  capacitance  used  to  obtain  their  resonance? 

Mr.  Price:  From  what  little  time  I  have  had  in  reading 
over  this  paper  here  I  don't  think  the  method  would  be  very 
good  for  anything  that  was  not  recurring.  That  is,  for  in- 
stance, where  you  take  the  oscillogram  of  a  switch  action,  or 
short-circuit  conditions;  or  something  of  like  nature,  you 
couldn't  get  conditions  like  that  because  you  couldn't  adjust 
your  condensers  or  inductances  rapidly  enough  to  get  that 
condition.    You  would  have  to  have  a  recurring  condition. 

I  would  like  to  ask  the  author  how  difficult  it  is  to  obtain 
resonance  with  his  method.  How  much  time  it  takes. 
Whether  this  method  could  be  adapted  to  taking  curves  on 
hi^-voltage  circuits  and  the  possible  effect  of  the  current 
potential  transformer  on  the  results  obtained. 

D.  I.  Cone:  Perhaps  the  first  proposal  along  this  line 
was  that  given  by  Dr.  Pupin  in  the  1894  Transactions  em- 
ploying a  somewhat  similar  method  to  the  one  presented  in 
this  paper.  He  employed  an  inductance  and  a  variable  con- 
denser to  determine  by  resonance  the  frequencies  present  in 
the  voltage  drop  across  a  resistance.  He  placed  this  resistance 
either  in  series  to  measure  current  waves  or  in  shunt,  to  measure 
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potential  waves.  He  used  an  electrostatic  voltmeter  to  de- 
termine the  resonance  points  by  indicating  the  settings  of 
capacitance  to  give  maxima  of  voltage  across  the  condenser. 

The  California  Joint  Committee  on  Inductive  Interference 
made  extensive  use  of  a  so-called  "resonant  shunt"  consisting 
of  a  large  inductance  in  series  with  a  variable  condenser  and  a 
telephone  receiver.  Each  harmonic  was  resonated  in  turn  by 
setting  the  capacitance  for  maximum  current  of  the  particular 
frequency  in  the  telephone  receiver.  The  amount  of  current 
for  each  harmonic  was  measured  by  comparing  the  sound  in 
the  telephone  receiver  to  that  from  an  auxiliary  source  of  the 
same  frequency.  Knowing  the  impedances  in  the  circuit,  or 
arranging  so  that  unknown  ones  were  of  negligible  effect,  fairly 
accurate  determinations  of  frequency  and  size  of  harmonics 
could  be  made.  Considerable  apparatus  was  required  for  that 
work  and  an  analysis  of  harmonics,  ranging  from  the  third 
harmonic  up  to  perhaps  the  nineteenth,  could  be  run  through 
in  about  twenty  minutes. 

That  particular  method  does  not  take  care  of  the  fundamen- 
tal component  at  all,  which  could  be  obtained  with  the  aid  of 
an  indicating  meter. 

The  method  given  by  Mr.  Curtis  makes  use  of  relatively 
simple  equipment  and  procedure  for  determining  the  more 
prominent  harmonics.  However,  in  the  wave  analysis  of  in- 
ductive interference  work,  harmonics  of  the  order  of  one-half 
per  cent  may  be  important  to  determine. 

The  simplicity  of  the  equipment  and  the  method  of  solution 
which  he  employs  for  amplitude  and  frequency  are  the  distinct 
contributions  made  by  his  method.  He  presents  it  with  special 
reference  to  the  open-circuit  voltage  of  generators.  However, 
it  can  be  applied  to  the  determination  of  the  harmonics  of  any 
System  and  the  limitation  which  he  states  on  page  1183,  of  his 
Paper,  regarding  the  presence  of  a  voltmeter  or  other  devices, 
when  the  readings  are  taken,  does  not  appear  to  be  necessary; 
especially  if  such  devices  are  normally  in  the  circuit. 

Now,  referring  to  his  introductory  paragraph.  The  last 
sentence  of  his  first  paragraph  reads:  "Each  of  the  proposed 
standards  is  also  open  to  the  objection  that  the  result  obtained 
by  its  use  is  entirely  dependent  upon  the  order  of  the  harmonics 
in  question  and  upon  the  size  of  the  reactances  used." 

In  the  telephone  interference  factor  meter  which  was  de- 
scribed in  the  paper  beginning  page  261  of  this  volume,  by  Mr. 
Osborne,  that  objection  is  met  in  that  the  impedances  within 
the  meter  are  fairly  large  and  the  distinct  effort  is  to  sum  up 
all  the  frequencies  in  the  circuit  as  they  normally  exist;  so  that 
the  objections  here  stated  do  not  apply  to  that  particular  wave 
factor  meter.  It  is  recognized  that  such  a  meter  has  limita- 
tions. It  serves  but  one  definite  purpose,  and  that  is  par- 
ticularly true  of  the  telephone  interference  factor  meter. 

The  last  sentence  on  the  first  page  of  the  paper  reads:    "It 


19191  DISCUSSION  AT  LOS  ANGELES  1195 

is,  however,  only  this  resonant  condition  for  the  higher  harmon- 
ics that  can  cause  disturbances  which  can  be  charged  to  genera- 
tor wave  form." 

I  assume  that  in  making  that  statement  the  question  of 
possible  damage  to  the  power  circuit  itself  was  in  the  author's 
inind.  Of  course  when  we  consider  the  question  of  harmonics 
in  reference  to  interference  to  the  communication  circuits, 
the  detrimental  effect  is  felt  whether  a  particular  harmonic  is 
in  resonance  or  not.  Of  course,  the  detrimental  effect  is  ag- 
gravated for  harmonics  in  resonance. 

Mr.  Curtis  points  out  that  it  is  desirable  to  resonate  the 
circuit  for  a  given  harmonic  in  order  to  develop  what  he  calls  its 
"worst  behavior."  However,  he  employs,  and  quite  ap- 
propriately, a  protective  resistance  to  prevent  the  current  in 
the  meter  becoming  excessive.  Hence  it  is  not  clear  that  the 
setup  he  employs  actually  develops  the  worst  condition,  al- 
though by  studying  the  effect  of  the  variation  of  the  effective 
resistance  in  this  circuit  upon  the  behavior  of  the  harmonic, 
one  might  get  an  idea  of  what  its  "worst  behavior"  would  be. 

H.  A.  Barre:  It  seems  to  me  that  there  is  in  this  paper 
a  method  of  attack  on  two  or  three  problems  I  have  in  mind. 
One  problem  is  the  finding  of  the  cause  of  flash-over  on  the 
insulators  of  the  Big  Creek  line.  These  flash-overs  occur 
probably  twelve  or  fifteen  times  a  year.  The  current  consists 
simply  of  the  arcing  over  of  the  insulators  and  a  heavy  flow 
to  ground.  The  effect  on  the  system  is  not  great  and  I  do  not 
think  a  single  case  of  injitry  to  apparatus  has  occurred.  We 
seem  to  be  unable  to  associate  these  flash-overs  with  any  set  of 
conditions.  The  line  will  be  operating  smoothly  when  ap- 
parently out  of  a  clear  sky  will  come  a  flash  over  and  current 
flow  to  ground. 

The  attendants  at  the  stations  realize  that  this  is  the  only 
trouble  to  be  expected  on  the  Big  Creek  lines,  so  when  trouble 
arises  they  assume  a  flash-over  and  apply  the  cure. 

This  flash-over  cure  consists  in  lowering  the  voltage  to  a 
point,  determined  by  experience.  The  arc  goes  out  and  im- 
mediately normal  voltage  is  resumed,  taking  care  not  to  over 
run.  An  automatic  means  of  doing  this  work  has  been  devised 
but  has  not  proved  as  successful  as  the  manual  method.  At 
the  receiving  station  the  operator  also  assumes  a  flash-over. 
In  order  to  keep  from  boosting  the  voltage  with  the  condensers, 
he  opens  the  field  thereby  assisting  the  voltage  drop.  When 
voltage  at  receiving  station  becomes  normal  again,  he  assumes 
trouble  is  over,  and  resumes  normal  operation.  In  practically 
all  cases  he  is  right. 

There  is  one  interesting  fact  in  connection  with  these  flash- 
overs  and  that  is  their  occurrence  in  a  limited  section  of 
the  line,  the  two  middle  quarters  of  the  line, — very  seldom 
close  to  the  ends. 

If  this  method  of  calculation  can  be  applied  to  the  investiga- 
tion of  this  phenomena  it  will  be  of  great  assistance  to  us. 
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and  the  dimensions  of  the  non-ferrous  portions  of  the  leakage 
paths,  is  also  quite  constant  and  independent  of  changing  load 
conditions.  If  then  the  same  transformers  are  usually  used 
with  the  line  under  consideration  there  is  no  reason  why  their 
resistance  and  reactance  should  not  be  included  with  the 
resistance  and  reactance  of  the  line.  Values  for  the  low-tension 
coils  must  be  changed  to  high-tension  equivalents  before  adding 
them  in. 

In  Fig.  3  is  ^ven  the  behavior  of  the  same  line  as  shown  in 
Figs.  1  and  2  with  the  transformers  included.  The  difference 
shows  the  futility  of  making  an  exact  solution  for  the  perform- 
ance of  a  line  alone  which  can  never  be  used  without  its  trans- 
formers. It  also  shows  the  faulty  economy  in  trying  to  get  a 
very  good  regulation  in  the  line  when  the  transformers  will 
prevent  it  anyway. 

Figs.  2  and  3  give  the  performance  of  a  three-phase  line  140 
miles  long  with  300,000-cir.  mil.  stranded  conductors  spaced 
12  ft.,  operating  at  60  cycles  and  110,000  volts  between  wires. 

Fig.  3  includes  the  transformers  which  are  assumed  to 
handle  16,000  k  v-a.  at  0 . 8  power  factor  and  to  have  a  regulation 
of  1  per  cent  at  imity  power  factor  and  6  per  cent  at  0 . 8  power 
factor  lagging. 

It  will  be  noted  that  imder  most  conditions  the  ratio  of  X  to 
R  will  be  higher  for  the  transformers  than  for  the  line.  This 
may  mean  that  a  phase  modifier  will  give  good  service  in 
improving  regulation  where  a  study  of  the  line  alone  would  not 
make  this  apparent. 

It  seems  that  the  reason  more  use  has  not  been  made  of  this 
method  of  studying  transmission  problems  is  based  on  the  fact 
that  it  is  considered  inaccurate.  The  inaccuracy  lies  in  the 
fact  that  the  static  charge  which  makes  up  the  charging  current 
is  assumed  to  be  uniformly  distributed  along  the  line,  disre- 
garding the  variation  in  voltage,  and  also  in  the  fact  that  the 
charging  current  is  assumed  for  convenience  to  be  just  90 
degrees  ahead  of  the  receiver  voltage.  Inaccuracy  is  much 
more  feared  when  the  extent  of  the  error  is  unknown.  This 
difficulty  is  removed  by  the  exact  analytical  methods  available 
when  needed,  any  of  which  may  be  applied  to  any  one  particular 
condition  out  of  the  variety  which  the  chart  represents  and 
thus  show  the  error  for  that  point,  in  fact  this  is  the  way  to 
learn  to  appreciate  the  graphical  method  which  answers  all 
questions  with  one  solution.    As  a  matter  of  fact  it  can  be 
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easily  shown  that  the  terms  calculated  in  making  up  the  Perrine- 
Baum  diagram  are,  neglecting  line  leakage,  nothing  more  or  less 
than  the  first  three  terms  of  the  following  series  which  repre- 
sents the  behavior  of  a  line  to  any  required  degree  of  exactness. 

E'.E  +  IZ  +  J^  +  l^+  1^  +et«. 

For  any  of  the  lines  now  in  use  the  error  of  the  method  outlined 
will  be  found  to  be  well  within  all  useful  limits. 
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Discussion  on  "Predetermination  of  Synchronous  Phase- 
Modifier  Performance"  (Carpenter),  Los  Angeles, 
September  20,  1919. 

H.  B.  Dwight:  A  diagram  drawn  up  to  show  the  particu- 
lar characteristics  of  an  individual  transmission  line,  as  de- 
scribed by  Mr.  Carpenter  is  very  useful  in  the  design  and 
operation  of  an  electrical  transmission  system.  An  additional 
valuable  feature  is  that  the  average  power  factor  observed  for 
various  fractional  loads  may  be  plotted  directly  on  the  diagram, 
thus  showing  the  generator  voltage,  or  the  phase-modifier 
kv-a.,  required  at  any  load  under  usual  working  conditions. 

The  diagram  described  in  the  paper  is  based  on  the  so-called 
"split-condenser  method"  of  calculation,  in  which  one-half  of 
the  capacitance  of  the  entire  line  is  assumed  to  be  concentrated 
at  the  receiver  end.  It  is  stated  in  the  paper  that  the  diagram 
is  not  used  to  a  greater  extent  because  of  the  inaccuracy  of 
this  method.  However,  it  is  not  necessary  to  use  the  "split 
condenser,"  or  any  approximate  method.  A  diagram  which 
is  the  same  in  its  essentials  as  that  described  in  the  paper, 
but  based  on  the  complete  hyperbolic  transmission  line  theory, 
has  been  published  by  the  writer.*  This  diagram  is  called  a 
"circle  diagram,"  and  the  circle  corresponds  exactly  to  any  of 
the  circles  shown  in  Fig.  2  of  Mr.  Carpenter's  paper,  except 
that  accurate  transmission  line  equations  are  used. 

The  equations  which  have  been  published  by  the  writer  for 
drawing  the  diagram  are  as  follows: 

FmdE'+yE-^  =  E(l  +  ^+2^  +^^''-) 

V7  Y272 

and  R'  +  jX'  =  {R+  jX)  (1  +  |^  +  g^TS  +  ^^'^ 

Describe  a  circle  with  center  {a',  b')  ahd  radius  c', 

,  ,  E    E'R'  +E'X'  , 

where  o'  =  -  ^7^^  —  ■^,. —  kv-a. 


1000 

R'i  +  X'^ 

E 

E'X'  -  E'R' 

1000 

R'^  +  X'-' 

E 

^    ^^  .^^  ^^ 

E. 

=  +  ttwTa  — r>/o  .   VM      kv-a. 


and  c'  =  +  ^ijc^  —       *  kv-a. 

1000      ^R^2  +  x/2 

where  E  is  the  receiver  voltage,  and  E,  the  supply  voltage. 


**'The  Calculation  of  Constant-Voltage  Transmission  Lines,"  by  H.  B" 
Dwight,  The  Electric  Journal^  Sept.,  1914,  and  *' Constant-Voltage  Trans- 
mission," by  H.  B.  Dwight,  pages  78  and  99,  John  Wiley  &  Sons,  Pub- 
lishers, 1915. 
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The  equations  for  a'  and  6'  show  that  the  position  of  the 
center  is  independent  of  the  supply  voltage.  The  equation  for 
c'  shows  that  the  radius  is  directly  proportional  to  the  supply 
voltage.  Therefore,  after  one  circle  has  been  drawn  corres- 
ponding to  a  certain  supply  voltage,  a  series  of  circles  may  easily 
be  drawn  about  the  same  center,  with  radii  proportional  to 
the  supply  voltages  which  the  circles  represent. 

If  the  first  equation  is  shortened,  so  as  to  omit  the  terms  of 

YZ 

the  series  after  -^ ,  and  if  the  second  equation  is  shortened 

so  that 

R'  +jX'  =  R+jX 

the  results  are  exactly  the  same  as  those  of  the  "split-condenser" 
method.  The  length  of  some  of  the  lines  of  the  diagram  will 
be  changed  by  one  or  two  per  cent.  This  error  is  appreciable, 
and  while  it  may  seem  a  small  amount  for  practical  work, 
there  is  no  reason  why  this  mathematical  error  should  be  in- 
corporated in  a  diagram  which  is  drawn  up  to  show  the  charac- 
teristics of  a  iparticular  transmission  line.  It  may  be  said 
that  it  is  generally  admitted  that  the  "split-condenser"  method 
is  superseded  by  the  complete  hyperbolic  theory,  and  that  the 
small  amount  of  additional  work  required  for  the  latter  method 
of  calculation  is  worth  while  in  any  case  where  capacitance  is 
worth  considering  at  all. 

M.  O.  Bosler:  In  the  mechanical  construction  of  the 
energy  diagram  the  distance  OE  in  Fig.  1  when  applied  to  the 

E^ 
kv-a.  scale  of  Fig.  2  is  -^  .  10"-^  and  the  distance  of  the  supply 

E  E 
voltage  circle  from  0,  OF,  is     ^  ^  10-'.    The  slope  of  the  volt- 

X 

age  line  OE,  Fig.  1  across  the  energy  diagram  Fig.  2*  is  -h-. 

By  keeping  the  line  impedance  Z  constant  and  increasing 
the  ratio  of  X  to  R,  the  power  capacity  of  the  line  for  a  given 
E  and  Bo  is  enormously  increased  when  supplying  power  at 
a  high  or  a  leading  power  factor.  When  a  line  of  this  sort 
gets  into  trouble,  the  power  factor  drops  to  practically  that  of 

the  line  ^  ,  and  limits  the  effect  of  the  disturbance  by  the  ex- 
cessive voltage  drop  that  occurs  at  such  a  low  power  factor. 
This  point,  which  can  be  so  clearly  illustrated  by  means  of 
this  diagram,  should  be  of  importance  when  operating  an 
inter-connected  system  of  large  power  capacity. 
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J.  A.  Lighthipe:  The  operation  is  usually  reversed.  That 
is,  you  get  a  condenser,  or  you  have  a  condenser,  or  you  buy 
as  large  a  one  as  you  can,  and  then  figure  back  and  see  how  much 
you  can  improve  the  line  with  this  condenser. 

We  are  endeavoring  to  scatter  our  condensers  as  nearly  to 
the  center  of  our  load  as  possible  and  we  have  something  like 
five  or  six  condensers  scattered  into  various  parts  of  our  system. 
We  have  adopted  for  the  small  size,  about  2000  kw.,  partly 
because  it  can  be  thrown  on  a  line  with  a  minimum  amount 
of  disturbance;  in  some  cases  we  have  put  a  second  one  at  the 
same  substation. 

The  method  of  figuring  just  what  effect  your  condenser  will 
have  is  what  we  really  need  and  want,  but  to  figure  out  a 
certain  size  condenser  for  a  given  size  transmission  line  which 
is  loaded  constantly  throughout  the  year,  why  we  usually 
work  backwards,  that  is,  get  the  condenser  and  then  figure 
out  what  good  it  will  do.  Then,  if  necessary,  we  put  another 
condenser  a  few  miles  away  or  sometimes  in  the  same  power 
house. 

The  old  condenser  method  brings  up  the  early  days 
in  the  Spokane  Coeur  d'Alene  transmission.  There  we  had 
one  of  the  first  regulators  to  hold  the  voltage  constant  at 
Spokane  but  up  the  other  side  of  Coeur  d'Alene  in  the  mining 
section  the  regulation  was  poor.  It  was  finally  decided  to 
put  a  condenser  up  there  with  a  regulator.  This  was  brought 
out  in  the  discussions  at  the  Monterey  convention. 

We  are  using  a  great  many  of  them  on  our  system,  although 
most  of  them  are  regulated  by  hand  and  not  by  general  regu- 
lators, except  our  main  substation  at  Eagle  Rock. 

I  have  always  figured  in  the  rough  that  to  about  every  10,000- 
h.  p.  induction  motor  we  should  install  at  least  a  2000-kv-a. 
condenser,  as  near  as  we  could  get  to  the  load  center,  and  it 
is  working  out  pretty  well. 

P.  M.  Downing:  My  experience  has  been  that  synchronous 
condensers  are  nearly  always  afterthoughts.  They  are  put  in 
when  voltage  conditions  force  a  change.  They  are  limited 
in  capacity  and  corrective  effect  and,  therefore,  it  is  a  case  of 
doing  the  best  with  what  you  have. 

They  have  been  generally  used  on  our  system  in  the  north 
central  part  of  the  state  for  a  number  of  years.  It  is  hard  to 
predetermine  on  that  system  just  exactly  what  will  happen 
because  of  a  more  or  less  complicated  network  of  lines  and 
the  large  number  of  power  sources.  Where  installed  however, 
they  are  equipped  for  automatically  taking  care  of  voltage  and 
they  do  it  successfully.  The  growth  of  the  business  has  been 
such  that  they  have  not  been  given  an  opportunity  to  show 
just  how  they  would  work  under  ideal  conditions. 

J.  H.  Anderton:  I  note  in  Mr.  Downing's  remarks  he 
refers  to  synchronous  phase  modifiers  as  afterthoughts.  This 
may  be  true  to  a  large  extent  on  some  systems,  as  for  instance. 


1919]  DISCUSSION  AT  LOS  ANGELES  1233 

the  one  with  which  Mr.  Downing  is  identified,  since  with  the 
gradual  growth  of  such  a  system  and  the  increased  radius  of 
transmission,  phase  modifiers  are  installed  as  required.  How- 
ever, this  does  not  generally  apply  to  phase  modifiers.  In 
most  instances  this  apparatus  is  of  such  prime  necessity  as 
to  be  the  determining  factor  in  the  economic  possibility  of  a 
development.  Phase  modifiers  modify  the  phase  of  the  total 
load  with  respect  to  the  generators  without  necessarily  varying 
the  amplitude  of  the  voltage  so  that  it  becomes  possible  by 
their  use  to  transmit  power  any  distance  with  constant  voltage 
at  both  ends  of  the  line  or  at  any  point  on  a  line.  Such  systems 
as  the  Big  Creek  and  Great  Western  Power  Company  systems 
would  be  economically  impossible  without  their  use  because 
of  the  impossible  conditions  of  voltage  regulation. 

You  are  all  more  or  less  familiar  with  the  usual  computations 
of  a  transmission  line  and  I  have  no  doubt  you  all  try  to  use 
the  simplest  methods  of  obtaining  the  results.  For  prelimi- 
nary work  I  have  found  the  so-called  approximate  method  quite 
suitable.  This  consists  of  computations  showing  the  various 
generator  voltages  required  for  given  loads  and  constant  re- 
ceiver volts.  These  are  then  shown  as  points  on  an  ordinate 
of  generator  voltage,  an  assxuned  condenser  kv-a.  is  then  taken 
as  abscissa,  and  for  the  same  receiver  volts  a  second  point 
for  the  generator  voltage  obtained ;  plotted  this  gives  the  fa- 
miliar transmission  line  diagram.  By  reading  off  the  diagram  a 
suitable  condition  of  generator  and  receiver  volts  with  a  given 
kv-a.,  condenser  capacity  may  be  selected.  Since  reading  from 
a  diagram  usually  involves  some  inaccuracy,  the  selection  of 
the  kv-a.  condenser  from  these  curves  is  perhaps  not  permis- 
sible. However,  the  condenser  kv-a.  may  be  obtained  mathe- 
matically for  each  assumed  load  by  a  modification  of  the  genera- 
tor voltage  equation,  the  mathematics  for  which  does  not  in- 
volve anything  beyond  the  quadratic  form. 

P.  M.  Downing:  In  explanation  of  my  remarks,  I  might 
say  that  the  lines  I  spoke  of  were  those  of  the  Pacific  Gas  and 
Electric  Company,  practically  all  of  which  are  150  miles  and 
operated  at  60,000  volts.  Therefore  we  do  not  have  the  same 
condition  to  contend  with  that  would  be  met  on  the  higher 
voltage  lines. 

Leslie  F.  Curtis:  Professor  Carpenter  is  to  be  thanked  for 
bringing  to  our  attention  the  fact  that  a  graphical  representa- 
tion of  any  computation  is  to  be  desired.  Whether  the  method 
developed  by  Professor  Carpenter  or  that  suggested  in  the 
previous  discussion  is  used,  the  ^aphical  method  shows  the 
calculator  a  picture  of  what  is  taking  place  on  his  line.  It,  in 
any  case,  is  useful  in  checking  his  computations. 

Professor  Carpenter  also  notes  that  it  is  of  advantage  to 
include  the  transformers  in  calculating  a  line.  I  think  that 
some  of  us  have  not  kept  this  in  mind.  The  calculation  of 
the  line  involves  not  only  the  conductors  at  the  proper  spacing, 
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but  also  the  transformers  and  all  of  the  apparatus  connected 
thereto. 

J.  F.  Wilson:  I  might  refer,  briefly,  to  Mr.  Dwight's  dis- 
cussion. Mr.  Dwight's  transmission  line  formulas  involve 
only  simple  arithmetical  calculations  which  will,  I  think,  give 
practically  the  same  results  as  does  Professor  Carpenter's 
graphical  method. 

Relative  to  the  suggestion  that  Mr.  Lighthipe  made,  about 
working  backwards  on  the  proposition,  I  think  that  is  probably 
true,  but  as  the  application  of  the  synchronous  phase-modifier 
extends  and  becomes  more  accepted  in  its  general  application, 
I  doubt  if  that  proposition  will  hold  because,  as  was  brought 
ut  here  in  the  other  discussions,  it  will  certainly  be  advan- 
tageous, if  not  necessary,  to  determine  before  the  line  is  built 
and  put  in  operation  what  effect  you  are  going  to  get  from  a 
given  condenser,  or  rather,  what  size  condensers  you  are  going 
to  require  to  produce  a  given  per  cent  regulation,  or  required 
power  factor. 

H.  L.  Melvin  (by  letter):  Several  years  ago  the  writer 
learned  the  use  of  the  Perrine-Baum  Chart  and  its  adaptation 
to  the  predetermination  of  synchronous  phase-modifier  per- 
formance. Since  that  time  I  have  had  opportunity  to  use  it 
quite  extensively  and  to  check  its  accuracy.  It  is  sufficiently 
accurate  for  all  practical  purposes  for  transmission  lines  now 
in  operation. 

The  chart  is  very  easily  and  quickly  constructed  and  once 
made  for  a  line  a  vector  picture  of  the  performance  of  the  line 
for  any  load  is  given  at  a  glance.  The  charging  current,  resist- 
ance, reactance  and  impedance  of  the  line  must  be  determined 
and  if  standard  cross  section  paper  is  used  for  the  kilowatt  and 
reactive  kilovolt  ampere  scales  it  is  necessary  to  determine  the 
voltage  scale.  The  line  drop  due  to  the  magnetizing  current 
for  the  receiver  transformers  must  be  calculated,  and  since  the 
current  lags  practically  90  degrees,  it  can  be  subtracted  from 
the  drop  caused  by  the  line  charging  current,  giving  the  vector 
a  c  (Fig.  2).  It  will  be  noted  that  if  arcs  of  circles  be  drawn 
with  a  (Fig.  2)  as  a  center  they  will  be  loci  for  constant  current, 
kilovolt  amperes  and  PR  line  loss  (the  loss  due  to  the  charging 
current  neglected).  On  the  scale  of  generator  volts  actual 
voltages  may  be  used,  or  if  the  step-up  transformers  are  in- 
cluded, low-tension  bus  voltages  or  even  switchboard  voltmeter 
readings.  When  superimposing  the  synchronous  condenser 
characteristic,  the  point  where  the  decrease  in  line  loss  is  equal 
to  the  losses  in  the  condenser  may  be  determined.  The  use  of 
synchronous  condenser  capacity  beyond  this  point  for  the  im- 
provement of  voltage  regulation  will  decrease  the  efficiency 
of  transmission.  If  a  transformer  bank  is  installed  for  the 
condenser  only  (the  load  current  not  passing  through  it)  its 
regjulation  and  losses  can  be  included  in  the  condenser  charac- 
teristic curve  (Fig.  4).    When  the  maximum  load  change  is 
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known  the  minimum  synchronous  condenser  capacity  required, 
operatihg  lagging  and  leading,  may  be  determined  and  also  the 
proper  voltage  to  be  held  at  the  generator. 

Practically  all  the  information  which  the  chart  will  give  is 
needed  in  the  analysis  of  the  performance  of  a  transmission 
line  and  it  is  really  a  remarkable  solution  that  will  give  the 
results  accurately. 
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CALIFORNIA  220,000-VOLT  —  1100-MILE  —  1,500,000- 

KW.  TRANSMISSION  BUS 


BY  R.  W.  SORENSEN,  H.  H.  COX  AND  G.  E.  ARMSTRONG 


Abstract  op  Paper 

This  paper  summarizes  the  power  resources  of  California  and 
the  probable  loads  to  be  supplied  within  the  next  six  or  seven 
years.  For  the  purpose  of  economically  distributing  the  neces- 
sary power  and  supplying  the  load,  a  long  high -voltage  transmis- 
sion line  is  proposed.  As  this  line  would  interconnect  a  number 
of  different  companies,  it  assumes  the  nature  of  a  bus  bar.  The 
authors  show  how  the  proposed  line  may  link  with  solne  of  the 
lines  now  in  service  and  enumerate  the  advantages  of  such  inter- 
connection. A  comparison  is  made  between  the  240-mile  Big 
Creek  line  now  operating  at  150,000  volts,  50  cycles,  and  the 
operation  of  this  line  at  22QfiQ0  volts^  60  cycles.  Operating 
data  on  the  Big  Creek  line  are  shown  to  indicate  the  character  of 
the  construction  necessary  for  California  conditions.  Conclu- 
sions are  dravm  as  to  the  particular  features  to  be  observed  for 
successful  operation  of  220,000-volt  lines. 


Introduction 

FUELS,  particularly  oil,  must  soon  be  used  for  isolated  power 
only  in  places  where  electric  power  is  not  available,  as 
in  the  propelling  of  air  and  ocean  craft.  In  large  power  sys- 
tems, especially  in  the  West,  the  use  must  be  limited  to  standby 
service,  for  peak  loads,  low  water  periods,  and  other  emergen- 
cies. 

Power  Resources 

California  has  available  ample  hydroelectric  power  to  supply 
the  industrial  and  agricultural  demand  for  many  years. 

Small  developments  aggregating  325,000  kw.  have  been  com- 
pleted and  many  others  of  this  tjrpe  are  available.  There  are 
also  four  large  projects  as  indicated  in  Table  I.  which  can 
readily  be  developed  to  a  capacity  of  1,500,000  kw.  in  the  near 
future. 

The  data  for  the  following  tables  of  resources  and  loads,  of 
the  Northern  part  of  the  state,  are  taken  from  various  reports 
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which  have  been  published  and  no  attempt  has  been  made  to 
verify  them. 

TABLE  I— LARGE  POWER  RESOURCES 


Now  Developed 

and  Under 

Construction 

Proposed 

Developments 

1926 

Reasonable 
Future  Develop- 
ment (Not  Ulti- 
mate Capacity) 

Pitt  River 

lew. 

None 
100.000 
100.000 

None 

lew. 

200,000 
200.000 
300,000 

None 

lew. 

500,000 
300.000 
500,000 
200,000 

Feather  River 

Big  Creek 

Colorado  River 

Total 

200.000 

700.000 

1.500.000 

Total  1926  hydroelectric  power  development  including  small 
projects  is  1,025,000  kw. 

Load  Demand 

The  best  available  information  indicates  a  demand  in  1926 
approximately  as  shown  in  Table  II. 

TABLE  XL 

1.  Sacramento  Valley,  northern  portion 70.000  kw. 

2.  Truckec  River  electrification 40.000  * 

3.  Sacramento  Valley,  southern  portion 125.000  " 

4.  San  Francisco  Bay  District 250,000  " 

5.  Fresno  District ? 90,000  " 

6.  Bakersfield  District,  including  Tehachapi  electrification 125,000  ' 

7.  Los  Angeles  District 300,000  • 

8.  Barstow  and  Needles  District,  including  railroad  electrification. . . .  40,000  * 

Making  a  total  of 1,040,000    * 

In  order  to  carry  this  load,  approximately  500,000  kw.  ad- 
ditional in  hydroelectric  capacity  will  be  required. 

A  demand  for  power  such  as  shown  in  Table  II  can  be  sup- 
plied most  economically  by  power  developed  in  large  units. 
Large  power  units  require  transmission  lines  of  the  highest 
possible  economic  voltage. 

*It  has  been  shown  that,  for  long  transmission,  220,000  volts 
is  economical  under  conditions  which  require  a  much  more 
expensive  construction  than  has  proven  adequate  for  the 
150,000-volt  lines  of  the  Southern  California  Edison  Company. 

•Silver,   Problems  of  SBO-kv.   Power  TransmUsian^  page  1037- 
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California  Transmission  Bus 

On  this  basis,  a  plan  as  shown  on  the  map,  Fig.  1,  is  proposed. 
In  this  plan  the  interconnection  of  all  the  California  Power 
Companies  has  been  assumed,  as  an  economic  necessity  for 
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Fig.  1 — California    1100-Mile — 220    Kilovolt — Transmission    Bus 


its  best  utilization.  Interconnections  of  limited  capacity  are 
not  entirely  satisfactory  because  they  fail  just  at  the  time  they 
are  needed  most  to  transfer  from  one  system  to  another  large 
blocks  of  power. 
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The  plan  of  the  proposed  scheme  involves  the  construction 
of  a  two-circuit  transmission  system  extending  from  Pitt  River 
to  Los  Angeles,  a  distance  of  570  miles.  Branch  lines  of  like 
voltage  connect  the  three  other  power  projects  and  the  San 
Francisco  load  center  to  this  main  line  on  which  the  other  load 
centers  are  located.  The  main  line  thus  becomes  a  high-tension 
bus  extending  nearly  the  entire  length  of  the  state,  hence  its 
name;  California  Transmission  Bus.  This  arrangement  makes 
possible  unlimited  interconnection  and  exchange  between  all 
the  power  companies  of  the  state. 

Substations  have  been  located  at  Marysville,  Stockton,  San 
Francisco,  Fresno,  Bakersfield  and  Los  Angeles.  These  points 
are  natural  load  centers  and  suitable  points  for  connecting  with 
the  present  power  systems.  On  the  Colorado  River  branch, 
the  construction  of  which  is  dependent  upon  the  electrification 
of  the  transcontinental  railroads,  substations  would  probably 
be  located  at  Barstow  and  Needles.  The  substations  divide 
the  lines  into  sections  of  suitable  length  for  practical  operation, 
the  longest  section  being  150  miles,  as  shown  in  Table  IIL 

TABLE  III. 

Pitt  River  to  Marysville 150  miles 

Feather  River  to  Marysville 60  " 

Marysville  to  Stockton 90  " 

Stockton  to  San  Francisco 60  " 

Stockton  to  Fresno 130  " 

Big  Creek  to  Fresno 40  * 

Fresno  to  Bakersfield 100  " 

Bakersfield  to  Los  Angeles 100  * 

Bakersfield  to  Barstow 110  * 

Barstow  to  Needles 150  " 

Needles  to  Colorado  River 100  " 

Colorado  River  to  Phoenix 100  " 

Pitt  River  to  San  Francisco 300  miles 

Big  Creek  to  Los  Angeles 240     * 

Big  Creek  to  San  Francisco 230     * 


The  Transmission  Line 

The  standard  frequency,  60  cycles,  has  been  assumed  on  the 
basis  that  the  Southern  California  power  systems  operating  at 
50  cycles  will  ultimately  find  it  advantageous  to  conform  to  the 
A.  I.  E.  E.  standard.  In  the  natural  growth  of  the  load  as 
shown  in  Table  II,  70  per  cent  of  the  1926  load  will  be  supplied 
by  the  60-cycle  systems.  Interconnection  of  such  large  load 
centers  or  power  sources  through  frequency  changers,  limits 
the  exchange  of  power,  is  uneconomical,  and  increases  tremen- 
dously the  required  operating  vigilance. 
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The  practicability  of  the  high-voltagelline  has  been  well 
demonstrated  by  over  five  years  of  remarkably  successful  opera- 
tion of  the  150,000-volt  lines  of  the  Southern  California  Edison 
Company  which,  during  this  period  have  delivered  from  the 
Big  Creek  power  houses  over  the  240-mile  lines  to  the  Los 
Angeles  distribution  system,  1,200,000,000  kw-hr.  at  an  average 
efficiency  of  87.5  per  cent  with  a  45  per  cent  load  factor.  Dur- 
ing this  period  there  have  been  no  interruptions  for  which 
the  high  voltage  is  responsible,  and  on  the  contrary,  the  sys- 
tem has  been  free  from  disturbance  and  interruption  to  a 
greater  degree  than  the  lower  voltage  lines  in  the  same  locality. 

The  present  Big  Creek  lines  can  be  operated  at  220,000  volts, 
60  cycles,  without  material  change  and  this  is  proposed  as 
a  link  of  the  transmission  bus,  and  its  operation  imder  these 
conditions  will  be  analyzed  and  applied  to  conditions  of  the 
proposed  system, 

Corona.  As  now  operated,  at  150,000  volts  and  50  cycles, 
the  voltage  is  only  80  per  cent  of  the  lowest  critical  voltage  of 
any  part  of  the  line  and  there  is  no  corona  loss.  At  220,000 
volts,  60  cycles,  corona  loss  occurs  to  some  extent  on  the  entire 
line  but  amounts  to  but  0.4  per  cent  of  the  line  capacity  during 
fair  weather.  With  storm  conditions  over  the  entire  line,  and 
with  an  assumed  reduction  of  20  per  (^ent  in  the  critical  vdltage, 
the  corona  loss  would  be  8  per  cent  of  the  line  capacity.  This 
loss  is  not  sufficient  to  make  the  line  inoperative  and  would 
occur  too  rarely  to  be  an  economic  factor. 

Insulation.  The  Big  Creek  150,000-volt  lines  have  nine 
units  in  each  suspension  string  and  two  eleven-unit  strings  in 
parallel  on  dead  ends.  During  the  five  and  one-half  years  of 
operation  only  two  insulator  string  failures  have  occurred. 
Both  of  these  were  during  normal  conditions  of  operation  with- 
out  any  apparent  cause,  other  than  that  of  being  in  a  location 
where  the  insulators  have  been  foimd  to  have  a  relatively  high 
rate  of  deterioration. 

The  Big  Creek  line  towers  allow  sufficient  clearance  to  permit 
the  lengthening  of  the  nine  unit  suspension  strings  to  eleven 
units,  and  to  any  desired  number  of  imits  at  dead  ends.  Table 
IV.  shows  safety  factors  for  insulator  strings,  wet  and  dry. 

The  Big  Creek  line  operated  at  220,000  volts  is  at  the  critical 
corona  voltage  and  any  disturbances  resulting  in  a  higher 
voltage  will  quickly  expend  their  energy  in  producing  corona 
loss,  which  will  permit  a  smaller  safety  factor  to  be  used. 
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The  curves  in  Fig.  2,  showing  arc-over  voltage  as  reproduced 
from  Mr,  Silver's  paper,  Problems  of  220'kv.  Power  Trans- 
mission, show  no  practical  gain  in  dry  arc-over  voltage  for 
strings  of  more  than  ten  units,  and  with  these  facts  in  view  it 
is  proposed  that  for  operating  the  Big  Creek  line  at  220,000 
volts,  suspension  strings  have  eleven  units  and  dead  end  strings 
12  units  in  series.  Insulator  testing  crews  have  several  times 
reported  four  and  five  defective  units  in  a  nine-unit  suspension 
string,  without  any  indication  of  trouble.  The  only  apparent 
value  of  a  longer  string  than  that  proposed  would  be  a  decreased 
probability  of  suflScient  defective  units  in  a  string  to  cause  break- 
down. Developments  of  methods  of  grading  insulator  units 
and  shielding  insulator  strings,  will  in  all  probability,  materially 
change  curves  of  Fig.  2. 

Present  day  method  of  insulator  testing  and  maintenance 


TABLE  IV.  SAFETY  FACTORS  FOR  INSULATOR  STRINGS 


Wet  arc -over 

Dry  arc-over 

9  unit 
String 

11  unit 
String 

9  unit 
String 

11  unit 
String 

(87  kv.^  ground)  150  kv 

(127  kv.  to  ground)  220  kv 

4.3 

3.7 

4.8 
3.3 

3.4 

would  probably  have  prevented  the  two  failures  which  have 
occurred  on  the  Big  Creek  lines  as  previously  mentioned. 
These  methods  applied  to  the  lines  operating  at  220,000  volts 
and  the  use  of  the  better  types  of  insulators  now  available  will 
insure  successful  operation. 

Charging  Current.  Long  high-voltage  lines  cannot  be  op- 
erated without  synchronous  condensers  at  the  receiving  station 
to  regulate  the  voltage,  and  as  a  consequence  the  charging  cur- 
rent, even  at  the  standard  60-cycle  frequency  becomes  a  factor 
of  no  great  importance  as  long  as  these  synchronous  condensers 
are  connected  to  the  line. 

Without  these  condensers  the  line  charging  current  must  be 
furnished  entirely  by  the  generators,  in  which  case  the  genera- 
tors may  become  greatly  overloaded  and  at  the  same  time  pro- 
duce a  very  high  voltage  over  which  the  operator  has  no  con- 
trol.   To  avoid  this  emergency  a  transmission  line  with  its 
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generators,  transfonners,  and  synchronous  condenser  must  be 
considered  as  a  unit  and  as  such  should  be  securely  coupled 
together  electrically  at  all  times.  This  has  been  proved  prac- 
cal  in  the  case  of  the  Big  Creek  system  in  which  it  is  possible 
to  start  the  15,000  kv-a.  condensers  and  bring  them  up  to 
speed  with  the  generators. 

Line  Capacity.  The  Big  Creek  lines  as  operated  at  150,000 
volts  with  30,000  kv-a.  condenser  capacity  per  line  at  the 
receiver  end  are  each  good  for  57,500  kw.  at  85  per  cent  power 
factor  and  will  have  under  these  conditions  a  line  drop  of  11 
per  cent. 

600 


NUMBER  OF  UNITS  IN  STRING 

Fia.  2 — Typical  60-CrcLi  AboOvir  Charactkbisticb  of  SnsPBNaioN 
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Operated  at  220,000  volts  these  lines  should  each  have  a 
capacity  of  125,000  kw.  with  an  equal  line  drop  when  provided 
with  the  proper  condenser  capacity,  which  is  approximately 
75  per  cent  of  the  line  capacity  in  kilowatts. 

This  is  a  fair  indication  of  the  conditions  which  will  exist 
in  the  proposed  system,  the  load  centers  of  which  are  so  dis- 
tributed as  to  limit  the  actual  average  distance  of  transmission 
to  about  200  miles.  The  economic  gain  in  doubling  the  capac- 
ity of  lines  which  cost  approximately  $6,000,000,  the  present 
cost  of  which  would  be  at  least  30  per  cent  more,  would  more 
than  offset  the  cost  of  all  necessary  changes,  including  the  adop- 
tion of  the  standard  frequency. 
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Mechanical.  The  type  of  construction  used  on  the  Big  Creek 
line  has  proven  entirely  adequate  for  California  conditions. 
There  have  been  only  three  mechanical  failures  all  of  which 
occurred  shortly  after  the  line  went  into  service  and  were  all 
due  to  defective  line  hardware.  In  one  case  the  failure  was 
due  to  faulty  design.  This  fault  was  entirely  corrected  by  re- 
designing the  cable  clamp  so  as  to  grip  the  steel  core  independ- 
ently of  the  aluminum  conductor.  The  other  two  were  due  to 
individual  defects  in  parts.  There  have  been  no  tower  failures 
and  no  tower  maintenance  whatever  has  been  required.  Ap- 
proximately 20  per  cent  of  the  Big  Creek  line  is  subject  to  ice 
and  snow  conditions,  parts  of  it  reaching  altitudes  of  5000  feet. 
Similar  conditions  exist  over  practically  the  entire  proposed 
220,000-volt  system. 

Operation.  The  most  interesting  feature  of  the  operation  of 
the  Big  Creek  system  is  its  reliability,  which  has  been  equal 
to  that  of  steam  plants  of  similar  capacity  located  near  load 
centers.  Flashovers  have  caused  only  momentary  interrup- 
tions and  have  in  no  case  resulted  in  damage  such  as  to  prevent 
immediate  resumption  of  service.  During  the  greater  part  of 
the  time  the  powerQhas^^been  carried  over  a  single  line  for  a 
largiB  part  of  the  distance. 

The  operating  history  of  the  Big  Creek  system  discloses  no 
evidence  of  any  trouble  due  to  the  high  voltage  of  the  system, 
and  in  addition  has  demonstrated  that  higher  voltages  may 
be  used  with  equal  or  greater  reliability.  The  Big  Creek 
17,500  kv-a.  generators  have  operated  at  60  cycles  satisfactorily 
and  delivered  full  output  at  this  frequency. 

High-tension  line  switching  and  synchronizing  has  been  car- 
ried on  consistently  throughout  the  operation  of  the  Big  Creek 
system  without  trouble,  and  should  be  possible  on  the  220,000- 
volt  system.  During  times  of  switching,  slight  discharges, 
never  followed  by  any  energy  current,  occur  on  the  arresters. 
Operating  at  corona  voltage  rather  than  at  80  per  cent  of  the 
critical  voltage  it  may  be  possible  to  absorb  these  disturbances 
without  arresters. 

Complete  parallel  operation  of  all  lines  must  be  adhered  to 
in  the  proposed  system.  Satisfactory  protective  relay  systems 
for  dropping  defective  sections  with  little  disturbance  have  been 
developed  for  present  parallel  transmission  lines  and  there  ap- 
pear to  be  no  obstacles  to  extending  these  to  the  higher  voltages. 

Generators.    Curves  of  Figs.  3  and  4  show  generator  and  line 
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characteristics  for  60-cycle,  220,000-volt  systems.  The  full 
lines  are  the  charging  currents  in  amperes  for  different  lengths 
of  line  plotted  against  per  cent  normal  voltage.  The  broken 
lines  are  generator  characteristics  of  various  sizes  of  generators 
when  connected  to  condensive  loads  with  no  field  excitation. 
The  point  of  intersection  of  the  generator  curves  mth  the  line 


Pio.  3 — Gembrator  and  Lime  Charactxribtics — 60  Ctclbo — 220,000- 
VoLTB — Generators  with  Short-Circuit  Ratio  1.0 


charging  current  curve  for  any  particular  length  of  line  deter- 
mines the  voltage  to  which  the  generator  will  build  up  when 
connected  to  that  length  of  line  with  no  field  excitation.    Fig. 

3  is  for  generators  with  a  short-circuit  ratio  of  1,0,  while  JHg. 

4  is  for  those  with  a  ratio  of  1.5. 

Fig.  3  shows  that  with  50,000  kv-a.  of  generating  capacity 
connected  to  a  line  of  250  miles,  the  line  can  be  charged  without 
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losing  control  of  the  voltage  with  generators  of  this  design. 
By  having  synchronous  condensers  connected  to  the  line  at 
the  receiving  station  generators  of  this  capacity  will  bring  up 
any  length  of  line  necessary  to  the  successful  operation  of  the 
proposed  system.  These  curves  show  that  generators  for  such 
a  sjfstem  should  be  designed  with  the  highest  short-circuit  ratio 
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that  other  conditions  will  permit  in  order  to  reduce  to  a  mini- 
mum the  tendency  to  become  self  exciting. 

*Data  for  these  curves  were  worked  out  in  the  laboratory 
of  Throop  College  of  Technology  in  1915  and  results  verified 
by  actual  tests  on  the  17,500  kv-a.  generators  at  Big  Creek. 

*For  further  data  aad  explanatioa  of  generator  performaooe  with 
Uise  ooodensivs  loads  see  Newburj,  £lectnc  Journal,  1918. 
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Conclusions.  Such  a  system  as  proposed  is  needed  im- 
mediately; all  engineering  fundamentals  essential  to  a  solution 
of  its  problems  are  well  understood  and  the  Big  Creek  system 


Fia.  5 — Map  of  Western  Tranbuibsion  Lines 


can  be  used  as  a  part  of  the  project  without  material  recon- 
struction. 

To  supply  this  need,  arrangements  should  be  made  without 
delay  for  a  complete  working  out  of  all  details  of  the  proposed 
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system,  as  otherwise  in  the  future  it  may  be  necessary  to  do 
a  large  amount  of  reconstruction  to  bring  together  individually- 
designed  systems,  which  is  never  a  wholly  satisfactory  pro- 
cedure. 


COMPARATIVE  DATA 


Aluminum  steel  cable 

Diameter 

Circular  mils 

Weight  per  foot 

Length  of  average  span 

Weight  of  towers  xoithout  footings 

Suspension 

Anchor 

Stringing  tension  at  80  deg.  fahr. 

No  ice  allowance 

Ice  allowance 

Maximum  tension  allowed 

Insulator  strings  to  carry  load 

Suspension 

Anchor 


BiK  Creek  lines  at 
150  kv. 


0.95  in. 

683.000 

0.75  1b. 

750  ft. 

43001b. 
6450  lb. 

4740  lb. 
3130  lb. 
8500  1b. 

1 
2 


220  kv.  lines  as 
proposed   by   Silver 


1.036  in. 
808.900 
0.941b. 
800  ft. 

9000  to  14.000  lbs. 
24.000  lb. 


17.300  lb. 

2  and  3 
6 


For  further  data  regarding  the  Big  Creek  line  refer  to  the 
paper  150,000  Transmission  System  by  Woodbury,  A.  I.  E.  E. 
Trans.,  1914. 

Map.  Fig.  5  shows  the  existing  transmission  systems  of 
California,  Nevada,  and  Arizona,  varying  in  voltage  up  to 
150,000  and  the  names  of  the  operating  companies.  To  avoid 
confusion  these  lines  are  not  shown  on  the  map  of  the  proposed 
system. 

The  authors  wish  to  express  appreciation  of  suggestions  made 
by  Mr.  H.  A.  Barre  which  led  to  the  preparation  of  this  paper. 
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Discussion  on  ''California  220,000-Volt— 1000-Mile— 
1,500,000-Kw.  Transmission  Bus."  (Sorensen,  Cox, 
Armstrong),  Los  Angeles,  Cal.,  September,  20,  1919. 

Ralph  Bennett :  It  is  interesting  to  note  that  this  paper  can 
hardly  be  said  to  be  in  advance  of  actual  construction  since  the 
lower  half  of  the  proposed  line  is  already  in  operation  in  the 
Big  Creek  Line  of  the  Southern  California  Edison,  while  the 
northern  half  of  the  transmission  is  under  contemplation  for 
immediate  construction  as  the  Pit  River  Line  of  the  Pacific  and 
Gas  and  Electric,  and  at  the  full  contemplated  voltage. 

Our  gain  in  reliability  in  the  construction  of  power  trans- 
mitting devises  is  no  better  illustrated  than  in  the  advance  be- 
tween the  timid  and  temporary  construction  utilized  in  the 
latter  90's,  and  the  substantial,  permanent  and  well  developed 
methods  now  at  hand. 

Yet  it  can  hardly  be  said  that  there  has  been  any  considerable 
advance  during  this  entire  period  in  the  abstract  technical 
theory  of  the  art.  The  change  has  been  in  the  application  of 
these  abstract  values  to  the  concrete  case  of  electrical  trans- 
mission. This  is  well  illustrated  in  the  introduction  as  a 
matter  of  routine  equipment  of  the  use  of  synchronous  con- 
densers on  these  modern  lines  where  the  use  of  such  apparatus 
was  considered  to  be  entirely  experimental  ten  years  ago. 

It  is  probable  that  the  change  in  the  status  of  the  business 
from  the  period  of  the  latter  90's  to  the  present  date  is  greater 
than  the  change  in  its  technical  features.  It  is  no  longer 
possible  to  consider  the  electric  lighting  plant  as  a  private 
enterprise.  It  is  today  a  public  utility  extending  over  one  or 
many  states,  and  serving  more  territory  than  the  average  rail- 
road system,  and  has  come  under  state  and  Federal  regulation 
more  sharp  and  penetrating  than  the  Government  exercises 
over  any  other  business. 

The  introduction  during  the  past  two  years  of  inter-ties 
between  the  various  physical  properties  of  the  Western  power 
companies  has  long  been  foreshadowed.  The  paper  proposes 
that  these  ties,  now  of  a  temporary  and  insuflScient  character, 
be  rendered  a  permanent  portion  of  the  systems.  Many 
companies  will  be  fed  by  a  common  net  work  just  as  many 
railroad  companies  feed  across  their  transfers,  loads  derived  from 
many  sources  and  intended  for  terminals  as  diversified  as  their 
origin.  Under  the  ruling  under  which  railroads  have  operated 
for  a  generation  they  are  compelled  as  a  matter  of  public  policy 
to  give  equal  care  to  all  property  entrusted  to  them  regardless 
of  its  origin  or  its  destination.  They  have  become  common 
carriers  and  far  from  rebelling  from  this  condition  they  con- 
sider it  to  be  an  essential  portion  of  their  success. 

The  power  business  is  rapidly  developing  all  of  the  conditions 
which  have  surrounded  railroad  operation  insofar  as  the  inter- 
linking of  numerous  independent  companies  is  concerned. 

It  appears  logical  for  conditions  eventually  so  to  shape  them- 
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selvesi\thatj"»the  .power  company  transmissions  will  become 
common  carriers,  not  merely  as  the  result  of  mutual  agreements 
between  existing  monopolistic  companies,  but  by  action  of  law. 
As  a  result,  any  producer  of  power,  however  small,  will  be 
assured  that  his  production  will  be  received  on  the  transmission 
net  work,  and  that  he  will  receive  therefor  a  price  fixed  by  a 
state  regulating  body  on  a  basis  of  a  fair  return  on  his  invest- 
ment. 

It  is,  I  think,  obvious  to  anyone  acquainted  with  the  present 
power  situation  that  this  would  result  in  the  construction  of 
numerous  small  plants  capable  of  introducing  a  fair  amount  of 
power  as  an  incidental  to  the  handling  of  water,  natural  gas,  oil, 
or  other  power  sources. 

There  are  numerous  cases  within  the  knowledge  of  every 
engineer  in  this  vicinity  where  considerable  blocks  of  power 
could  be  produced  on  a  schedule  which  would  not  permit  of  sale 
to  a  local  net  work,  even  if  such  sale  were  permitted  by  the 
railway  commission,  but  where  the  production  cost  of  the  power 
would  be  so  low  that  the  power  could  be  produced  to  great 
advantage  if  it  could  be  successfully  wholesaled  to  a  net  work 
capable  of  absorbing  it  regardless  of  its  fluctuations. 

Almost  every  irrigation  system  in  the  state  possesses  drops 
capable  of  producing  a  more  or  less  considerable  amoimt  of 
power. 

Numerous  desirable  combined  irrigation  and  power  projects 
are  neglected  because  it  has  not  been  possible  in  the  past  to 
develop  a  market  for  the  power,  although  the  power  m  con- 
nection with  irrigation  could  be  produced  at  a  very  low  figure. 

On  the  north  end  of  the  Pacific  coast  there  are  sources  of 
power  as  a  by-product  from  wood  working  plants;  there  are 
coal  mines  lying  undeveloped  because  they  are  not  favorably 
located  with  reference  to  a  rail  haul  market;  in  the  oil  producing 
industry  vast  quantities  of  oil  and  natural  gas  are  wasted  be- 
cause they  are  unsuited  to  market  demands  or  are  in  a  location 
such  that  they  cannot  be  successfully  delivered  to  distant 
m^kets,  yet  they  could  be  sources  of  large  amounts  of  power 
which  could  be  readily  handled  over  a  transmission  bus. 

It  is  unnecessary  and  perhaps  aside  from  the  purpose  of  the 
paper  to  go  into  detail  on  these  items.  The  one  other  matter 
in  the  same  connection  however  is  of  interest.  Railroad 
electrification  has  been  much  discussed  of  recent  years  but  has 
been  to  an  extent  held  back  by  the  very  considerable  problem 
involved  in  the  extremely  irregular  use  of  power  which  will 
occur  on  most  of  the  western  roads. 

Taken  in  connection  with  an  ordinary  local  transmission  this 
makes  a  load  so  undesirable  as  to  render  the  power  rate  abnor- 
mally high. 

But  in  connection  with  a  centralized  power  system  handling 
one  or  two  million  kilowatts  these  fluctuations  would  be  regu- 
larly supplied  by  the  excess  capacity  of  the  net  work. 
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The  problems  of  engineering,  of  finance  and  of  political 
expediency  involved  in  the  changes  now  taking  place  in  the 
relations  of  the  power  companies  to  each  other,  and  to  the 
public,  are  too  great  to  even  touch  in  this  discussion. 

P.  D.  Jenningst  This  paper  is  especially  valuable  at  this 
time  owing  to  the  rapid  advance  of  fuel  prices  and  the  necessity 
for  the  conservation  of  coal  and  oil  for  the  essential  industries 
that  can  not  avail  themselves  of  hydroelectric  central  station 
energy. 

I  believe,  as  this  paper  slightly  implies,  that  this  high-tension 
bus  scheme  could  economically  be  carried  out  to  include  all  of 
the  great  hydroelectric  developments  west  of  the  Mississippi 
River.  Of  course  it  is  not  supposed  that  there  would  be  an 
exchange  of  energy,  say,  between  eastern  Montana  and 
southern  California,  but  it  is  a  fact  that  power  plants  on  this 
bus  line  would  have  the  great  advantage  of  the  diversity  of 
load  demanded,  by  substations,  at  the  load  centers  along  the 
line. 

The  two  important  considerations  to  be  given,  of  course,  are 
its  operation  and  financing.  It  would  appear  to  me  that  the 
operation  of  such  a  bus  net  work  would  require  a  unified 
control ;  and  that  the  load  dispatching  work  would  have  to  be 
divided  up  into  districts,  or  regions,  which  in  turn  would  be 
responsible  to  an  operating  board  of  control  composed  of 
regional  operating  directors.  This  method  of  operation,  of 
course,  would  require  a  unit  scheme  of  financing.  The  probable 
formation  of  a  holding  company  whose  stock  would  be  pur- 
chased and  allocated  by  some  equitable  plan  among  all  of  the 
great  generating  systems  interested. 

Of  course  such  a  scheme  would  probably  have  many  very 
serious  disadvantages,  from  the  individual  standpoint  of  some 
of  the  companies  involved,  as  well  as  some  of  the  Public  Service 
Commissions. 

But  these  difficulties  I  do  not  believe  would  be  insurmount- 
able owing  to  the  fact  that  both  the  public  and  the  companies 
would  be  materially  benefited  by  helping  to  reduce  the  rapidly 
increasing  operating  costs. 

C.  O.  Poole:  To  my  mind  this  proposed  plan  is  one  of  the 
most  important  projects  presented  to  the  engineering  profes- 
sion from  a  conservation  point  of  view.  I  have  been,  for  years, 
a  firm  believer  in  this  scheme  and  can  see  many  advantages  that 
will  accrue  from  it,  such  as  making  possible  comparatively 
small  hydroelectric  developments  that  will  be  in  reach  of  the 
proposed  bus,  that  would  otherwise  be  too  remote  or  without 
market  for  the  output;  or  there  may  be  streams  suitable  for 
power  development  that  do  not  have  storage  facilities  to  equal- 
ize the  flow  throughout  the  year,  in  which  event  it  would  neces- 
sitate a  steam  plant  in  order  to  carry  the  load  during  the 
non-run-oflF  periods.  Under  such  conditions  the  investment  to 
make  this  development  might  not  be  justified  to  supply  an 
individual  system,  while  with  the  proposed  bus  such  a  develop- 


1254  CALIFORNIA    TRANSMISSION,BUS  [Sept. .18 

of  lines  as  far  as  pc^ible  by  using  high  voltage  and  for  this 
reason  six  lines  are  intended  and  the  voltage  will  be  160,000. 
Had  the  distance  been  two  or  three  times  as  great,  220,000 
volts  might  reasonably  have  been  used. 

Three  of  the  coast  cities  besides  Seattle  own  their  own 
electric  power  systems;  Los  Angeles,  Pasadena  and  Tacoma. 
Some  years  ago  I  spoke  to  the  men  in  charge  of  these  systems 
of  the  hope  that  some  day  there  would  be  a  high-voltage  line 
paralleling  the  coast  which  would  allow  one  city  to  help  the 
other  but  at  that  time  the  voltages  possible  were  not  adequate. 
From  Seattle  to  Los  Angeles  is  about  1500  miles  and  it  is  a 
notable  fact  that  the  line  at  present  under  discussion  is  1100 
miles  in  length.  Such  a  line  along  the  coast  would  be  a  benefit 
to  many  of  the  smaller  towns  especially,  and  could  be  partici- 
pated in  by  companies  and  municipalities  alike.  Of  course, 
probably  no  city  or  combination  of  cities  would  attempt  such 
a  line  but  the  best  and  largest  water  powers  are  rapidly  being 
used  up  and  when  it  comes  later  to  the  proper  conservation  of 
all  such  resources,  no  doubt  the  states  affected  will  take  a  hand 
and  interconnection  between  states  would  make  such  a  line  an 
actual  fact.  One  of  the  great  troubles  which  prevents  inter- 
connection of  systems  at  the  present  time  is  the  dissimilarity 
of  voltage  and  phase  relation  and  one  of  the  greatest  works 
that  the  Institute  could  do  would  be  to  bring  about  a  better 
standardization  of  voltages. 

Leslie  F.  Curtis:  Dr.  Magnusson,  in  the  November  15, 
1918  issue  of  the  Journal  of  Electricity,  considered  some  of  the 
phases  of  a  similar  type  of  bus  for  the  state  of  Washington. 
He  selected  the  state  of  Washington  because  he  happened  to 
be  familiar  with  conditions  there. 

The  principal  points  brought  out  by  Dr.  Magnusson  in  his 
paper  are  advantages  to  be  obtained  by  the  Federal  regulation 
of  such  a  bus  system.  I  am  not  prepared  to  advocate  either 
Federal  or  private  control.     I  will  simply  refer  you  to  his  paper. 

J.  B.  Fisken:  Professor  Curtis  has  brought  out  the  point 
that  I  wanted  brought  out.  Dr.  Magnusson  advocates  a 
Federally  owned  bus  and  I  think  there  are  numerous  objections 
to  such  a  scheme.  There  would  be  difficulty  connected  with  the 
utilities  working  on  a  Federally  owned  bus. 

H.  A.  Barre:  On  this  general  matter  of  government  con- 
trol, I  think  the  big  question,  or  the  big  trouble,  with  govern- 
ment ownership  in  that  sort  of  thing  is  that  you  don't  want  the 
umpire  to  play  on  either  of  the  teams.  If  the  government 
would  get  out  of  the  way  and  let  us  do  the  job,  we  can  do  it. 

We  are  coming  more  and  more  to  recognize  the  fact  that 
neither  the  government,  or  companies,  or  financiers,  or  any 
other  element,  will  have  much  to  say  about  the  develop- 
ment of  this  project.  The  development  will  be  according  to 
the  natural  economic  laws  which  are  as  unalterable  as  the 
multiplication  tables.  Improper  financing,  improper  engineer- 
ing and  improper  relations  between  the  companies  and  the 
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public,  and  the  public  and  the  organizations  of  the  companies, 
can  gum  up  the  whole  game;  they  can  delay  it;  they  can  inter- 
fere with  it,  but  they  can  no  more  stop  the  building  of  it  than 
the  building  of  a  dam  across  a  river  can  stop  the  water  for  there 
comes  a  time  when  it  does  run  over. 

I  do  not  think  that  this  is  a  good  time  to  sell  the  United 
States  short.  I  think  there  is  enough  common  horse  sense  in 
the  United  States  and  enough  economic  pressure  for  the  carry- 
ing out  of  such  schemes  and  we  will  get  the  proper  answer  in 
spite  of  all  these  things  that  are  trying  to  interfere. 

I  object  to  the  paper  as  a  whole  because  I  do  not  like  such  an 
arrangement.  I  do  not  think  we  should  worry  about  a  1100 
mile  bus  in  California.  I  think  when  this  thing  does  come  it 
will  come  very  quickly.  It  is  going  to  be  tied  in  with  the 
Colorado  power  for  a  starter;  then  south  through  New  Mexico 
to  Albuquerque,  Needles,  Bakersfield,  Mount  Shasta,  and 
wind  up,  as  has  been  said,  in  Butte. 

The  great  part  of  the  work  is  done.  There  are  already  a 
great  many  interconnections.  Those  interconnections  have 
been  the  means  of  a  great  economic  saving  in  the  past  two 
years.  Just  in  our  little  comer  of  the  job,  the  San  Joaquin 
Valley  would  have  been  absolutely  shut  down  this  year  ft  it 
had  not  been  possible  for  an  arrangement  to  be  made  between 
the  Edison,  the  San  Joaquin,  the  Mt.  Whitney,  the  San  Diego 
and  the  Southern  Sierras  Companies.  It  is  not  very  far  from 
being  shut  down  now  as  far  as  the  shortage  of  power  is  con- 
cerned, but  the  job  is  still  running  and  the  amount  of  inter- 
ference to  service  has  been  extremely  small,  that  is  true  in 
spite  of  the  fact  that  it  was  necessary  to  buy  current  from  San 
Diego.  One  of  the  great  stumbling  blocks,  of  course,  is  the 
50-cycle  system  in  the  middle  of  a  big  60-cycle  territory. 

The  French  government  has  done  a  very  intelligent  thing. 
They  have  standardized  the  whole  coimtry  at  50  cycles  and 
standardized  the  voltages  in  multiples  of  the  square  root  of  3, 
as  high  as  anybody  wants  to  go.  I  do  not  think  anybody 
would  want  to  go  higher  than  the  110,000  or  120,000  volts  at 
the  present  time. 

That  is  a  line  along  which  we  could  follow  to  some  advantage 
throughout  the  United  States  through  the  action  of  the  Insti- 
tute. 

Such  a  line  is  not  going  to  be  difficult  to  operate.  It  will  be 
broken  up  into  regions,  as  has  been  suggested,  in  which  a  group 
of  plants  will  supply  a  group  of  territories,  or  a  group  of  loads, 
and  means  provided  For  an  interconnection  between  those 
groups. 

The  control  of  the  voltage  is  one  of  the  most  serious  troubles 
and  that  is  going  to  come  through  an  extension  of  our  work  witii 
synchronous  condensers,  without  any  question.  The  real 
instructive  thing  that  has  come  out  of  this  interchange  is  the 
fact  that  it  has  been  possible  for  companies  whose  interests 
were  to  a  very  considerable  extent  antagonistic  to  get  together 


1222  SUSPENSION  INSULATORS  [Sept.  18 

I  think  it  possible  the  addition  of  extra  units  should  be  taken 
into  consideration  as  insurance  against  the  leakage  over  the 
strings  rather  than  the  puncture  value  of  the  units  in  the  string. 

L.  M.  Klauber:  With  reference  to  Mr.  Peaslee's  remarks, 
he  would  seem  to  think  that  I  am  a  pessimist  with  regard  to 
insulators.  Of  course,  I  know  from  experience  and  from 
discussing  this  matter  with  the  representatives  of  nearly  all 
manufacturers,  that  the  manufacturers  have  indeed  made 
great  progress  in  the  last  few  years  in  their  product.  If  a 
person  is  a  pessimist  I  think  he  is  usually  a  pessimist  between 
two  and  four  o'clock  in  the  morning  when  the  insulators 
fail  and  the  lines  go  out.  We  all  know  that  they  do  go  out. 
No  one  hopes  more  than  I  do  that  the  manufacturers  will 
make  perfect  insulators.  Probably  they  are  making  perfect 
insulators  today,  but  the  last  ones  we  got  day  before  yesterday 
were  not  perfect;  and  we  rather  fear  that  when  tomorrow 
comes  and  the  insulators  of  today  have  failed  we  will  again 
be  told  to  overlook  the  past  and  think  only  of  the  perfection 
of  the  present. 

With  reference  to  Mr.  Anderton's  remarks  on  the  subject 
of  over  voltage:  this  paper,  being  based  as  it  is  upon  the 
deterfninajSon  of  minimum  annual  cost,  not  only  specifies 
what  the  minimum  number  of  insulators  in  a  string  should 
be  but  also  the  maximum.  It  would  seem  that  dependence 
on  having  insulators  fail  in  order  to  protect  station  apparatus 
is  a  reflection  on  the  manufacturers  of  lightning  arresters. 
The  great  difficulty  in  depending  on  the  insulators  is  not  that 
they  will  not  fail;  they  do  that  readily  enough.  But  it  is 
difficult  and  expensive  to  locate  a  failed  string  after  breakdown 
and  it  would  seem  best  to  protect  against  high-voltage  strains 
by  other  means  especially  designed  for  the  purpose. 

As  to  the  ratio  of  failures  in  different  members  of  the  string 
and  the  effects  of  unequal  stress  distribution:  our  own  results 
and  extensive  data  given  us  by  other  companies  would  tend 
to  show  that  there  is  virtually  no  difference  in  failures;  in 
spite  of  the  fact  that  the  insulators  close  to  the  line  are  the 
more  highly  stressed,  they  fail  no  more  rapidly  than  the 
others.  Failure  of  the  type  under  discussion  is  not  primarily 
induced  by  electrical  stress  and  may  be  almost  as  frequent 
amongst  units  in  the  storeroom  as  those  on  the  line. 

In  reference  to  a  remark  made  by  Mr.  Shoemaker  as  to  the 
cost  of  an  interruption,  the  particular  problem  worked  out 
in  the  paper  as  an  example  must  be  taken  as  such.  I  did  not 
mean  to  indicate  that  $150.00  would  be  an  average  cost  of 
interruption.  In  using  these  formulas  the  values  assigned 
the  constants  must  be  based  on  the  particular  conditions  under 
which  a  line  is  to  operate. 
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PREDETERMINATION   OF   SYNCHRONOUS   PHASE 

MODIFIER  PERFORMANCE 


BY  HUBERT  V.  CARPENTER 


Abstract  of  Paper 

The  author  reviews  the  method  for  showing  the  behavior 
of  transmission  lines  first  given  by  Perrine  and  Baum  and  then 
shows  how  it  can  be  used  in  determining  the  effect  of  the  use  of 
a  synchronous  motor  operating  without  Toad  for  improving  the 
power  factor.  The  effect  of  the  losses  in  the  motor  are  shown 
both  in  their  effect  on  the  line  alone  and  on  the  line  with  the 
step-up  and  step-down  transformers  included. 

The  diagram  given  shows  both  the  improvement  in  voltage  reg- 
ulation and  the  change  in  power  factor  due  to  the  phase-modi- 
fier for  any  assumed  condition  of  loading  for  the  transmission 
line. 

The  errors  of  the  method  are  discussed  with  methods  for  de- 
termining their  magnitude,  and  the  advantages  of  the  g:raphical 
treatment  pointed  out. 


D  APIDLY  growing  demands  upon  our  transmission  systems 
•■•^  for  more  power  and  better  service  have  made  it  impera- 
tive in  many  cases  that  increased  capacity  be  provided  without 
delay.  Increasing  the  capacity  means  in  most  cases  improved 
regulation,  but  frequently  demands  also  a  better  efficiency  of 
operation  in  order  that  the  maximum  possible  fraction  of  the 
output  of  the  generators  may  be  delivered.  This  is  usually 
thought  to  demand  higher  voltages  or  heavier  lines  or  duplica- 
tion of  lines,  all  of  which  require  time  as  well  as  money. 

It  is  not  perhaps  fully  appreciated  that  a  synchronous  motor 
operating  upon  the  system  may,  if  properly  proportioned, 
improve  the  efficiency  as  well  as  the  regulation,  thus  accomplish- 
ing both  of  the  things  desired. 

While  the  theory  of  the  synchronous  phase-modifier  has 
been  fully  treated  before  the  Institute  it  is  hoped  in  the  follow- 
ing to  make  its  general  effect  upon  a  transmission  system  a 
little  more  easily  grasped. 

In  the  consideration  of  transmission  problems  the  writer 
feels  that  far  too  little  use  has  been  made  of  the  remarkable 
diagram  first  proposed  by  Perrine  and  Baum,  (Trans.  A.  I.  E.  E. 
May  1900.) 
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The  peculiarities  of  this  treatment  are  that  the  voltage  at  the 
receiver  is  assumed  constant  and  that  at  the  generator  solved 
for,  and  that  the  current  is  treated  throughout  as  made  up  of 
three  independent  parts,  charging  current,  /«;  load  current, 
I  cos  0;  and  reactive  or  wattless  component  delivered,  /  sin  0. 
The  electromotive  force  required  to  force  each  of  these  com- 
ponents of  current  through  the  line  is  then  figured,  first  for  the 
resistance  and  then  for  the  reactance  of  the  line,  thus  giving  the 

following  components  of  e.  m.  f .  required ;  — ^-^  ;  — ^-^ ; 

Rlcosfp;  XIcos(l>;  RIsm<l);   andX7sin</).     The  charg- 
ing current  values  are  divided  by  2  because  le  distributes  itself 
over  the  line  in  a  way  assumed  here  to  be  uniform; 
To  make  up  the  regulation  diagram.  Fig.  1,  the  e.  m.  f.  at  the 


Fig.  1 


receiver,  E,  is  assumed  as  the  vector  of  reference  and  the  above 
values  added  to  get  the  total  voltage  needed  at  the  generator. 

R I  XI 

In  Figs.  1  and  2  a  6  is     ^  ^  ,  6  c  is  — ^-^  ,  c  g  is  R  I  cos  <!>»  g  d 

is  X  I  cos  <!>,  d  e  is  R  I  sin  (t>  and  e  /  is  X  /  sin  </>,  the  last  two 


being  shown  for  0 . 8  power  factor,  lagging. 


RL 


and 


XL 


2        ^"^     2 

are  plotted  first  since  they  are  closely  constant  and  assumed  to 
be  exactly  so  here. 

The  total  volts  required  to  force  the  working  component  of 
current  through  the  line  is  c  d,  and  is  equal  to  Z I  cos  </>.  The 
value  of  cd  will  therefore  vary  directly  with  the  kilowatts 
delivered  since  E  is  assumed  to  be  held  constant.  A  scale  of 
kilowatts  may  be  therefore  used  along  c  d  as  in  Figs.  2  and  3. 
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An  ampere  scale  may  also  be  added  if  desired.  In  the  same 
way  a  scale  of  reactive  kv-a.  may  be  laid  off  along  df  as  shown. 

The  advantage  of  the  method  lies  in  the  fact  that  the  entire 
performance  of  a  line  for  all  conditions  of  load  is  shown  by  one 
solution,  and  further  that  the  effect  of  any  change  of  load  is 
shown  directly  for  any  assumed  case.  The  thing  really  most 
desired  in  studying  a  design  for  a  line  is  to  learn  the  effect  which 
will  be  produced  by  thegreatest  sudden  change  in  load  that 
may  be  expected.  Questions  of  this  sort  are  answered  directly 
by  this  diagram. 

Fig.  2  shows  that  the  diagram  as  there  made  up  is  really  a 
chart  in  which  distances  along  the  axis,  c  d,  represent  power  in 
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kilowatts,  while  distances  along  the  axis,  d/,  represent  reactive 
kv-a.  Thus,  the  point,  d.  Fig.  2,  represents  16,000  kw.  at 
unity  power  factor,  and,  from  the  scale  below  requires  100.8 
per  cent  of  the  receiver  voltage  at  the  sending  end.  Also  point, 
J,  shows  that  an  addition  of  6000  reactive  kv-a.,  requires  the 
generator  voltage  to  be  increased  to  106  per  cent  of  E.  Further, 
a  load  of  12,000  kw.  at  0.8  power  factor,  lagging,  can  be 
handled  without  drop  in  the  line  if  a  pure  condensance  requiring 
8250  kv-a.  be  connected  to  the  system.    See  points  k  and  k'. 

The  time  thus  spent  in  rehearsing  the  workings  of  the 
Perrine-Baum  diagram  is  considered  well  spent  for  we  are  now 
ready  to  apply  it  directly  to  the  problem  of  this  paper. 
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In  ord^  to  get  reasonable  accuracy  in  calculating  the  effect 
of  an  over-excited  synchronous  motor  running  on  the  line 
without  load  it  is  necessary  to  include  the  power  losses  in  the 
machine  itself. 

To  do  this  in  a  way  best  adapted  to  use  with  the  regulation 
diagram  just  shown,  the  performance  of  the  machine  can  be 
plotted  in  the  form  shown  in  Fig.  4.  This  represents  the  same 
current  values  as  determined  in  the  test  for  the  "V"  curves  for 
the  machine  except  that  they  are  plotted  according  to  their 
respective  power  factors  and  a  scale  of  kw.  one  way  and  kv-a. 
the  other  used.     In  other  words  this  plotting  shows  the  active 
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Eind  the  reactive  components  of  the  kv-a.  taken  by  the  machine 
for  any  total  value,  either  over  or  under  excited.  The  slight 
diffwence  between  leading  and  lagging  losses  shows  the  effect 
of  the  varying  loss  in  the  field  windings  for  different  excitations. 
It  will  be  noted  that  the  data  for  the  machine  are  now  plotted 
in  the  same  form  as  is  used  in  the  Perrine-Baum  chart,  that  is, 
with  kw,  for  one  axis  and  reactive  kv-a.  for  the  other,  so  that 
it  can  be  drawn  in  directly  to  proper  scale  on  the  chart.  This 
is  done  in  Fig,  3.  This  figure  shows,  for  example  (see  points  s 
and  r)  that  the  addition  of  the  phase-modifier  working  at  full 
capacity  of  12,000  kv-a,  changes  the  load  from  12,780  kw.  at 
0.7  power  factor  lagging,    to    13,500  kw.   at  0,99+    power 
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factor  lagging,  and  the  line  drop  from  23  per  cent  to  2  per  cent. 
It  is  evident  that  a  condenser  of  one  half  this  size  would  bring 
the  line  drop  down  to  about  12  per  cent  and  the  power  factor 
up  to  0.88. 

A  study  of  the  diagram  shown  and  of  the  properties  of  the 
different  sizes  of  line  conductors  will  bring  out  the  fact  that  a 
transmission  line  made  up  of  very  large  conductors  will  respond 
more  directly  to  the  corrective  action  of  a  synchronous  phase- 
modifier  than  one  using  small  conductors.  That  is,  if  we 
substitute  a  conductor  of  one-half  the  cross-section  of  that  used 
in  the  line  figured  above  the  resistance  will  be  doubled  but  the 
reactance  will  be  only  about  6  per  cent  greater.  This  means  ^ 
that  with  the  smaller  wire  the  line,  c  d,  of  Fig.  1  will  be  much 
more  inclined  toward  the  horizontal  and  df  toward  the  vertical. 
This  further  tilting  of  the  axes  of  the  diagram  makes  the  effect 
of  a  sjmchronous  motor  much  less,  so  far  as  its  usefulness  in 
correcting  regulation  is  concerned.    It  will  still  be  effective  in 
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reducing  the  power  lost  in  the  line  simply  by  its  effect  in  reduc- 
ing the  value  of  the  total  current  flowing  in  the  line.  This  also 
applies  to  cases  where  the  power  line  is  made  up  of  underground 
cable  where  the  reactance  is  usually  less  than  the  resistance. 

Owners  of  small  overhead  lines  may  expect  the  same  disap- 
pointing results  in  varying  degrees  depending  on  the  material 
of  the  line,  the  size,  and  the  spacing. 

In  all  high-voltage  systems  where  the  use  of  phase-modifiers 
is  most  advantageous  it  is  necessary  to  associate  step-up  and 
step-down  transformers  with  the  line  whenever  operated,  and 
usually  the  transformer  sets  used  with  any  line  are  the  same 
from  day  to  day.  In  all  such  cases  there  is  no  need  of  figuring 
the  line  behavior  as  a  separate  matter  from  that  of  the  trans- 
formers which  are  really  a  part  of  the  line.  The  resistance  of  a 
transformer,  if  taken  over  the  ordinary  range  of  working 
temperatures  is  only  slightly  variable,  and  its  reactance, 
depending  as  it  does  on  the  relative  positions  of  the  windings 


1258  CALIFORNIA    TRANSMISSION  BUS  [Sept.  18 

a  matter  of  economy  and  for  the  utilization  of  surplus  power 
available. 

When  that  tie-in  was  proposed  it  took  the  engineers  but  a 
short  time  to  work  out  the  engineering  problems  involved.  It 
happened,  however,  that  I  also  had  something  to  do  with 
drafting  iJie  final  contract.  It  took  us  about  three  months  to 
get  the  commercial  details  worked  out.  If  there  had  been  a 
larger  number  of  companies  involved,  the  problem  would  have 
been  a  correspondingly  more  diflScult  one.  The  physical  or 
engineering  details  are  simple,  and  can  be  taken  care  of  very 
readily.  So  I  say  the  whole  problem  is  an  economic  one.  Can 
any  company,  or  any  number  of  companies,  or  the  State  or 
Federal  Government,  afford  to  generate  power  up  in  the  ex- 
treme northern  part  of  this  State  and  transmit  it  down  to 
San  Diego,  when  there  is  power  nearer  San  Diego  than  that  in 
th^  north?  I  do  not  look  for  a  bus  of  great  capacity  to  be  built 
in  the  immediate  future,  except  such  as  might  result  from  the 
normal  interconnection  of  lines  of  companies  operating  in 
contiguous  territory.  Negotiations  are  now  under  way  looking 
for  a  connection  between  the  lines  of  the  Pacific  Gas  &  Elec. 
Co.  and  those  of  the  San  Joaquin  Light  &  Power  Corporation. 
This  connection  will  be  made  within  a  comparatively  short 
time  and  when  completed  will  give  a  connection  from  Oregon  to 
San  Diego.  This  connection  is  of  limited  capacity  but  is  serv- 
ing every  purpose  and  in  view  of  the  amount  of  power  that  is 
available,  a  line  of  greater  capacity  cannot  be  justified.  Inter- 
connections between  the  various  systems  are  very  desirable  and 
will  continue  to  be  made  at  whatever  voltages  the  systems  may 
operate,  but  until  there  is  an  apparent  necessity  for  a  bus  I 
think  we  may  reasonably  conclude  that  the  necessary  capital 
to  construct  one  will  not  be  forthcoming. 

J.  B.  Fisken:  Mr.  Downing  has  raised  a  question  as  to  the 
advisability  of  this  bus  line.  Personally,  I  think  he  is  right 
and  that  this  will  solve  itself  in  the  interconnection  of  different 
systems  without  any  great  transfer  of  power  over  long  distances. 
I  do  not  ever  expect  to  see  the  power  from  Spokane  utilized  in 
San  Diego. 

I  see  no  reason,  however,  why  Spokane  power  should  not 
relieve  some  other  power  that  could  be  transmitted  a  shorter 
distance. 

This  problem,  I  think,  is  largely  a  western  one,  but  perhaps 
Mr.  Stevens  can  tell  us  how  they  do  these  things  in  Pennsyl- 
vania. 

J.  F.  Stevens.  I  would  have  given  a  great  deal  if,  during 
the  war,  such  a  plan  as  is  proposed  in  this  paper  had  been  in 
operation  in  the  East,  or  even  if  there  had  been  such  limited 
inter-connections  as  you  now  have. 

It  happened  that  I  was  connected  with  one  of  the  Govern- 
ment agencies  which  had  to  do  with  the  power  situation  in 
Southeastern  Pennsylvania.  We  were  confronted  with  the 
fact  that  there  was  a  distinct  shortage  of  power  in  our  district. 
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not  only  a  shortage  of  coal  but  also  a  shortage  of  generating 
capacity  in  our  public  service  power  plants.  This  meant  that 
every  pound  of  coal  burned  had  to  be  burned  at  maximum 
efficiency  and  every  generating  plant  operated  at  maximimi 
capacity  in  order  to  secure  the  power  necessary  for  the  operation 
of  our  war  industries. 

The  natural  solution  seemed  to  be  a  combination  of  the 
resources  of  the  power  companies  operating  in  the  district  bv 
tie-in  connections  which  would  render  available  their  full 
generating  capacity  which  then  could  be  distributed  to  the 
various  industries  irrespective  of  their  location.  With  this  in 
view  a  conference  was  called  and  I  foimd  the  power  companies 
very  willing  to  discuss  the  problem  but  without  available  funds 
with  which  to  practically  effect  a  tie-in.  They  were  operating  at 
from  25  to  60  cycles  transmitting  voltages  from  two  thousand 
to  sixty  thousand  so  that  the  cost  of  installing  frequency 
changers  and  transformers  was  considerable.  The  Gk>vem- 
ment  was  prepared  to  spend  unlimited  millions  in  other  direc- 
tions but,  while  recognizing  that  power  was  essential  to  pro- 
duction, refused  to  appropriate  any  funds  for  the  purpose  of 
tying  together  the  power  plants  of  this  district.  We  found 
ourselves  in  the  usual  position  of  a  war-time  bureau  with  author- 
ity to  commandeer  a  tie-in  but  no  authority  to  expend  money 
for  it  or  to  compel  the  companies  to  spend  money. 

As  a  solution  we  had  introduced  into  Congress  a  bill  appropri- 
ating two  hundred  millions  of  dollars  for  the  purpose  of  con- 
structing power  stations  located  at  the  mine  mouth  and  erecting 
transmission  lines  to  serve  the  district  from  Washington  to 
New  York.  This  bill  failed  of  passage  and,  in  view  of  the  fact 
that  it  would  probably  have  resulted  in  federal  ownership  and 
operation,  I  am  not  particularly  sorry,  for  few  of  us  in  the  East 
look  with  favor  upon  government  ownership.  The  net  result, 
however,  has  been  to  stimulate  interest  in  power  generation 
at  the  mine  mouth  in  stations  equipped  with  large  units  and 
transmitting  over  a  very  considerable  radius.  You  are 
fortunate  in  having  available  water  powers  which  are  almost 
totally  absent  in  Eastern  Pennsylvania  but  we  have  as  partial 
compensation  large  deposits  of  fuel  coal  of  excellent  quality. 

Some  experiments  have  been  made  and  the  results  so  far 
achieved  have  been  exceedingly  satisfactory,  particularly  in 
localities  where  there  were  a  considerable  number  of  small 
public  service  or  municipal  plants,  and  it  bids  fair  to  be  a 
solution  of  the  old  municipal  plant  problem.  It  happens  that 
back  in  the  early  days  of  electric  lighting  there  was  quite  a  . 
mania  for  municipal  ownership  of  lighting  plants  and  almost 
all  of  them  have  fallen  into  sorry  condition.  In  order  to  con- 
struct the  plants  the  town  would  be  bonded  and  no  provision 
made  for  a  sinking  fund.  They  are,  therefore,  now  in  the 
position  where  they  have  an  obsolete  plant  with  a  bond  issue 
against  it  and  no  funds  for  the  redemption  of  the  bonds  or  for 
the  reconstruction  of  the  plant.     I  have  in  mind  one  such 
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plant  in  Southern  Ohio  where  the  municipality  was  generating 
at  a  cost  of  from  nine  to  twelve  cents  and  selling  at  four  and 
there  are  many  more  like  it.  They  had  no  money  with  which 
to  modernize  their  plant  and  even  if  they  had  the  load  was  not 
sufficient  to  bring  their  generating  cost  down  to  a  point  where 
they  could  sell  at  a  profit.  The  solution  was  found  by  estab- 
lishing a  generating  plant  at  a  mine  not  far  distant  and  furnish- 
ing power  to  this  town  as  one  of  its  customers  at  a  price  which 
enabled  them  to  sell  to  their  citizens  at  a  profit  by  transforming 
their  generating  station  into  a  substation. 

I  firmly  believe  the  time  will  come  when  all  power  in  my 
district  will  be  generated  at  the  mine  mouth,  the  various  plants 
being  tied  in  together  on  a  common  bus  and  distributed  to 
various  substations.  You  on  the  Pacific  Coast  have  the 
advantage  of  water  power  and  I  think  your  plan  most  admirable. 
Even  the  discussion  has  been  typical  for  when  I  came  in  the 
room  the  length  of  the  transmission  line  was  given  at  570  miles 
and  has  now  grown  to  1500  miles  but  even  the  latter  figure 
does  not  seem  unreasonable  in  view  of  the  existing  situation. 
It  is  not,  to  my  mind,  the  question  of  whether  you  have  local 
power  enough  to  meet  the  demands  of  each  locality  or  whether 
you  could  expand  your  plants  so  as  to  secure  it.  It  is  the 
ability  to  interchange  power,  supply  deficiencies  and  take  care 
of  break  downs  which  is  so  very  valuable.  There  have  been 
many  cases  in  the  East  where  one  large  generator  would  go  out 
in  a  public  service  plant  which  meant  a  shortage  of  power  arid 
light  in  that  district  which  shortage  could  have  been  cared  for 
had  it  been  possible  to  tie-in  with  other  power  companies 
operating  in  the  immediate  neighborhood. 

It  does  not  seem  to  me  that  the  plan  here  proposed  presents 
any  serious  difficulties.  The  project  naturally  divides  itself 
into  generation,  transmission  and  distribution.  The  various 
generating  companies  sell  their  power  to  the  transmission 
companies  which  in  turn  would  sell  to  the  distributing  com- 
panies in  proportion  to  their  demand.  While  there  are  some 
operative  problems  yet  to  be  solved  the  principal  problem  is 
one  of  finance. 

Relative  to  the  operating  end,  I  will  state  that  in  the  East 
we  have  quite  generally  adopted  a  system  of  parallel  transmis- 
sion lines.  As  a  rule  we  do  not  run  two  or  more  circuits  on  one 
pole  line  but  mount  each  circuit  on  separately  located  pole  lines 
half  a  mile  or  more  apart.  This  practise  has  tended  to  save  us 
from  lightning  troubles  and  break  downs  in  the  transmission 
circuits. 

C.  W.  Koiner :  I  have  been  thinking  of  this  paper  along  the 
line  of  economics.  It  appeals  to  me  as  practically  suggesting 
the  interconnections  which  saved  us  a  great  deal  during  the 
period  of  the  war.  If  interconnection  and  tieing  in,  whether 
by  as  long  a  bus  as  this  or  a  shorter  one,  is  good  in  times  of  war 
it  certainly  ought  to  be  good  in  time  of  peace. 
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The  diversity  factor  which  has  been  touched  on  by  Mr. 
Lighthipe  is  the  keystone  of  the  light  and  power  business. 
Without  diversity  we  all  would  be  in  some  other  line  of  business 
because  there  would  be  no  money  in  the  power  business  imder 
present  conditions  and  circumstances  of  operation.  There 
would  be  the  gathering  up  of  the  crumbs,  as  it  were,  of  the 
tieing  in  the  plants  that  have  water  during  some  seasons  of  the 
year  and  none  at  others,  enabling  storage  to  be  made,  and  all 
the  other  ways  that  would  tend  to  mutually  help  out  in  times 
of  stress. 

I  do  not  think  of  this  paper  as  applying  to  the  Pacific  Coast 
particularly,  but  I  am  thinking  of  what  Mr^  Stevens  touched 
on  in  the  East  during  the  war.  The  fact  that  the  great  coal 
mines  lie  close  to  the  seaboard,  would  have  made  it  a  wondwful 
thing  to  have  had  the  advantage  of  tying-in  during  tJie  war. 
Why  haul  the  coal  and  cinders  and  ashes  to  the  seaboard  and 
then  cart  them  out  of  the  city  after  making  the  buildings 
black,  creating  a  lot  of  dirt  producing  and  inefficient  steam 
plants? 

I  think  this  principle  was  recognized  ten  or  twelve  years  ago, 
or  longer,  but  there  are  a  great  many  things  that  enter  into  the 
problefn,  one  of  which  has  been  touched  on  here  and  on  which, 
I  think,  the  Chairman  invited  discussion — government  owner- 
ship and  regulation. 

It  seems  to  me  that  it  cannot  be  accomplished  without 
regulation.  Mr.  Barre  says  that  they  try  to  rob  one  another 
and  that  they  must  have  an  umpire  to  prevent  that  kind  of 
thing.  The  fellow  who  is  able  to  take  advantage,  or  figure  the 
closest,  will  get  the  better  of  the  other,  figuratively  speaking. 

Now,  to  deny  that  the  government  has  not  the  ability  to  even 
generate  this  power  and  deliver  it  to  the  distributor,  or  regulate 
it,  is  to  deny  that  we  are  capable  of  efficiently  living  under 
democracy.  Our  government  is  supposed  to  be  a  democracy; 
therefore,  if  you  cannot  solve  a  problem  by  and  for  the  people 
of  this  character,  then  we  need  a  boss;  we  need  somebody  who 
will  crack  the  whip  over  us  and  make  us  perform  efficient 
service. 

I  am  not  one  that  believes  that  we  are  not  capable  of  doing 
these  things;  I  know  we  are.  Some  of  the  obstacles  are  the 
opposition  of  those  who  are  entrenched.  We  may  have  stock 
in  companies  that  have  the  water  power  cites,  and  we  want 
more;  we  can  make  more  money  than  if  we  let  the  government 
own  it  and  run  it  for  the  people.  Consequently,  we  as  engi- 
neers are  working  for  that  side  of  the  house  and  we  naturally 
are  opposed  to  government  ownership  and  even  regula- 
tion. But,  some  of  the  wiser  heads,  such  as  Mr.  Phillip 
Cabot  who  wrote  an  excellent  paper  recently  published 
in  the  Electrical  World,  recognizes  that  government  regulation 
is  here  to  stay  and  that  even  government  ownership  is  coming  on 
certain  things.  The  water  power  belongs  to  all  of  the  people; 
so  does  the  coal.     Somebody  happened  to  see  it  first  and,  there- 
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fore,  the  coal  is  in  the  hands  of  private  interests,  yet  the  eco- 
nomic life  of  the  country  depends  upon  coal.  Now,  all  monopo- 
lies should  be  controlled,  or  rather  owned  by  the  government. 

I  am  not  a  Socialist,  however;  I  am  not  making  apologies 
for  I  believe  in  what  I  say.  I  believe  that  the  water  power  of 
this  country  must  be  conserved  or  passed  into  the  hands  of 
private  interests  the  same  as  the  coal  mines,  and  witiiout 
regulation  and  proper  control,  the  people  of  the  state  or  of  the 
various  states,  might  not  get  the  benefit.  We  must  have 
regulation  for  the  purpose  of  interchanging  power  between  the 
states.    It  cannot  be  done  without  it. 

When  it  came  to  winning  the  war  we  had  to  work  as  a  govern- 
ment, all  pulling  together  for  the  same  thing.  Now,  in  these 
problems  we  have  to  do  the  same  thing  and  we  might  just  as 
well  face  the  problem  in  that  way. 

J.  F.  Stevens:  The  last  speaker  has  touched  upon  the 
question  of  government  ownership  and  I  want  to  give  you  one 
example  of  the  efficiency  of  government  ownership  in  this 
line — something  with  which  the  Institute  was  very  closely 
associated. 

Just  about  the  time  of  our  entrance  into  the  war,  the  Insti- 
tute, seeing  the  seriousness  of  the  power  situation  and  recogniz- 
ing that  the  defense  of  New  York  from  attack  by  sea  resteid  in 
Governors  Island,  called  General  Leonard  Wood,  then  in 
command  of  the  Island,  into  conference  on  the  subject.  We 
called  attention  to  the  fact  that  the  Island  was  dependent  upon 
the  operation  of  its  own  power  plant,  government  owned  and 
operated,  without  which  it  would  be  impossible  to  use  the 
search  lights,  ammunition  hoists  or  even  aim  or  fire  the  big 
guns,  and  tJiat  the  failure  of  the  plant,  either  through  the  act 
of  an  enemy  or  by  accident,  would  leave  New  York  defenseless 
from  attack. 

General  Wood  acknowledged  that  our  statement  of  the 
situation  was  correct  and  asked  for  our  solution.  We  told  him 
we  had  a  large  amount  of  power  in  and  around  New  York 
which  we  were  prepared  to  tie  together  and  deliver  to  him  on 
Governors  Island  through  submarine  cables  for  use  as  an 
auxiliary  to  or  a  substitute  for  the  Island  plant.  His  reply 
was  that  the  government  had  no  appropriation  with  which  to 
pay  for  such  service.  We  then  offered  to  raise  the  money 
necessary  to  pay  for  the  tie  lines  and  to  buy  and  lay  the  cable. 
Then,  to  our  surprise,  he  told  us  there  was  a  regulation  which 
prevented  the  landing  of  a  cable  for  any  purpose  whatsoever  on 
such  a  government  reservation  as  Governors  Island  and  that 
it  would  require  an  act  of  Congress  to  enable  the  Army  to  take 
advantage  of  our  generous  offer.  Such  an  act  was  introduced 
into  Congress  but  never  has  been  passed.  From  this  you  can 
see  the  sort  of  efficiency  we  may  expect  from  government 
ownership  of  utilities. 

J.  A.  Lighthipe:  Mr.  Koiner  said  he  was  not  a  Socialist. 
I  want  to  tell  him  that  we  all  are.    I  want  to  say  that  when  we 
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want  anything  done  in  a  hurry  we  always  have  to  do  it  our- 
selves. I  want  to  tell  Mr.  Koiner  that  the  money  he  has 
accumulated  during  his  lifetime  does  not  belong  to  him — it 
belongs  to  Uncle  Sam,  and  when  he  dies  it  goes  to  the  govern- 
ment. Of  course,  the  government  does  not  want  to  take  it  all; 
it  allows  him  some  to  will  to  his  wife  and  children  and  the  part 
the  government  gets  is  called  inheritance  tax. 

I  suppose  Mr  Koiner  thinks  he  owns  the  money  his^em- 
ployers  pay  to  him.  He  does  not  do  anything  of  the  sort."  Of 
course  he  uses  some  of  it,  but  the  government  takes  the  rest 
and  it  is  called  Income  Tax. 

Now,  this  would  be  a  wonderful  thing  to  develop  these  water 
resources.  It  ought  to  be  done  as  an  economic  measure,  but 
Uncle  Sam  has  not  got  any  money  and  how  are  we  going  to 
solve  the  problem?  The  government  will  do  this:  We  will 
let  the  individual  people  invest  their  money  in  a  Public  Utility 
Corporation,  but  we  are  not  going  to  let  them  nm  it  and  bam- 
boozle the  country.  What  we  are  going  to  do  is  to  put  our 
own  directors  in  there  and  tell  them  how  their  money  is  going 
to  be  spent;  tell  them  just  how  much  money  they  can  borrow 
and  criticize  their  method  of  construction.  We  are  going  to 
tell  them  how  great  dividends  they  are  to  pay.  We  call  that 
the  Railroad  Commission. 

That  is  just  what  we  are  running  into.  If  we  are  going  to 
have  any  public  enterprise  in  this  country,  we  are  not  going  to 
have  Uncle  Sam  start  it  because  he  is  a  little  too  slow.  We  are 
going  to  have  the  individual  enterprising  pioneers  of  this 
country  develop  all  this  power  and  we  are  going  to  have  the 
Railroad  Commissioners  regulate  our  rates,  etc.  This  will  be 
done  because,  although  Uncle  Sam  has  not  the  money  to  do  it, 
and  is  never  ready  to  give  it  to  us,  he  will  tell  us  to  put  our 
money  in  and  he  will  see  that  it  is  handled  properly  and  that 
we  get  a  good  interest  on  the  investment.  But  there  will  be 
no  watered  stock  and  no  high  financing.  Consequently,  every 
move  we  make,  whether  it  be  the  purchase  of  something;  or 
the  installation  of  a  new  steam  plant;  or  the  installation  of 
various  water  powers,  we  make  our  plans  and  submit  them  to 
the  Railroad  Commission.  They  figure  but  whether  we  really 
need  this  plant,  whether  the  cost  would  be  excessive,  and  then 
tell  us  to  go  ahead.  You  then  have  the  endorsement  of  the 
Railroad  Commission. 

Mr.  Koiner  stated  that  this  thing  can  not  go  on  without 
some  control.  I  say  we  are  under  control.  We  cannot  make 
a  move  in  this  state  without  the  sanction  of  our  Railroad  Com- 
missioners and  we  are  fortunate  to  have  a  very  liberal  set  of 
men  at  the  head  of  that  Commission.  We  welcome  this 
regulation  because  we  are  infinitely  better  off  than  some  of  the 
other  cities  that  own  their  plants,  because  we  keep  our  books  in 
a  certain  way,  as  they  tell  us  to;  we  have  a  sinking  fund,  which 
is  lacking  in  some  of  our  city  plants  and  we  are  allowed  a 
depreciation  which  is  properly  agreed  upon.     In  other  words 
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the  whole  thing  is  run  by  the  Public  Utilities,  only  we  are  run- 
ning it  under  the  direction  of  the  state  of  California. 

Lester  S.  Ready:  I  wish  to  say  that  I  am  optimistic 
regarding  the  installation  of  a  transmission  bus  running 
throughout  the  State  of  California.  From  what  we  have  seen 
during  the  last  three  or  four  years  of  the  spirit  of  cooperation 
by  the  utilities  during  the  period  of  the  war  we  cannot  help  but 
realize  that  the  problem  is  not  an  impossible  one. 

I  believe  that  if  it  had  been  said  five  or  six  years  ago  that  the 
various  utilities  in  Southern  California  would  have  stood 
together  during  the  period  of  short  water  supply  and  not  taken 
advantage  of  each  otJier  the  remark  would  have  been  considered 
almost  ridiculous.  Yet,  during  the  past  year  the  supply  of 
electric  power  in  the  southern  and  central  part  of  California 
has  been  divided  between  the  companies,  the  company  with 
additional  supply  rendering  service  to  its  competitor  at  reason- 
able rates.  Steam-electric  power  produced  in  Los  Angeles  and 
San  Diego  has  been  used  to  make  possible  the  suppljring  of 
adequate  service  in  the  San  Joaquin  Valley,  where  a  material 
shortage  occurred. 

The  big  supply  of  hydroelectric  power  of  the  state  is  in  the 
northern  section.  There  is  not  a  great  deal  of  hydroelectric 
power  developed  or  to  be  developed,  in  the  south.  The 
Southern  California  Edison  Company  has  built  its  lines  from 
Big  Creek  and  there  is  still  a  great  deal  of  undeveloped  power 
on  that  stream  which  ultimately  will  be  transmitted  south  of 
Tehachapi.  It  is  doubtful  whether  the  power  supply  of  the 
development  when  fully  completed  will  more  than  half  supply 
the  demands  of  Southern  California,  and  power  from  the 
northern  part  of  the  state  must  be  transmitted  southward. 

Glancing  at  a  map  of  the  state  you  will  see  that  all  of  the 
transmission  lines  lead  southward,  and  at  present  the  general 
flow  of  power  is  in  that  direction.  There  may  never  be  a  great 
deal  of  power  produced  on  tihe  Pit  or  Feather  Rivers  delivered 
to  Los  Angeles,  but  these  rivers  will  relieve  the  demand  upon 
the  plants  south  of  them,  so  that  these  in  turn  may  be  relieved 
to  supply  the  demands  further  south. 

From  a  physical  standpoint  there  are  practically  only  two 
transmission  systems  in  the  state  at  the  present  time.  From 
Merced  north  to  the  Oregon  line  there  is  a  great  network  at 
present  completely  interconnected.  All  companies  south  of 
Merced  form  another  great  system  fully  interconnected,  and  it 
is  not  only  possible  but  probable  that  within  six  months  or  a 
year  there  will  be  an  interconnection  between  these  two  main 
systems. 

The  war  has  done  a  great  deal  of  good  toward  the  develop- 
ment of  interconnections  between  the  utilities  in  this  state  and 
its  affect  will  be  a  lasting  benefit  to  the  state  as  a  result.  The 
district  in  the  south  is  requiring  the  full  capacity  of  all  the 
power  plants  and  were  it  not  for  interconnection  there  would 
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be  a  great  shortage  of  power  in  the  San  Joaquin  Valley  at  the 
present  time. 

The  Railroad  Commission  is  ready  to  do  its  part  in  fostering 
the  interconnections  which  should  be  made.  It  made  special 
efforts  during  the  war  to  assist  in  the  full  conservative  use  of  tJie 
power  supply  of  the  state  and  I  wish  to  state  that  we  are  very 
pleased  with  the  way  things  have  been  carried  out,  and  the 
electrical  engineers  have  much  to  their  credit.  I  am  not  fidly 
advised  of  the  basis  by  which  Mr.  Barre  determined  the  rates 
which  were  charged  between  the  companies  during  the  emer- 
gency but  am  certain  there  has  been  no  profiteering  between  the 
companies  during  this  period. 

George  A.  Damon:  One  great  thing  that  we  are  doing 
right  here  in  connection  with  this  proposed  high-tension  bus 
line  is  to  establish  a  "sense  of  direction."  We  may  not,  just 
at  present,  be  certain  of  all  of  the  details — or  how  the  enterprise 
is  to  be  accomplished  but  I  am  sure  we  all  feel  that  we  are  on  the 
way.  The  situation  is  something  like  the  starting  of  a  foot 
ball  game:  we  all  know  where  the  goal  is  but  we  are  not  at  all 
sure  of  what  each  play  will  be  to  take  us  across  the  goal  line. 
We  may  be  quite  certain,  however,  that  if  we  all  start  in  the 
right  direction  and  stay  together  by  constantly  co-operating, 
eventually,  we  will  accomplish  this  very  desirable  advance  in 
the  art. 

I  think  it  is  quite  immaterial  to  the  project,  at  this  time,  to 
consider  whether  the  cost  is  to  be  financed  "individually"  or 
"collectively" — that  is  by  private  capital  or  by  public  funds. 
We  all  love  the  democracy  which  we  retained  at  the  cost  of  the 
great  war  and  recognize  that  our  next  problem  is  to  strike  an 
equitable  balance  between  individual  interests  and  the  common 
welfare.  My  own  sense  of  direction  seems  to  indicate  that  the 
economic  pressure  of  the  need  of  this  great  interconnecting  bus 
will  evolve  its  own  system  or  method  of  financing  and  that,  as 
electrical  engineers,  we  need  not  stumble  or  hesitate  over  this 
difficulty. 

From  our  own  technical  standpoint  the  great  big  important 
problem  which  we  have  not  yet  discussed  is  the  question  of 
frequency.  As  we  all  know  we  have  in  use  in  this  part  of  the 
country  both  50  cycles  and  60  cycles.  If  I  am  properly  in- 
formed about  25  per  cent  of  our  load  is  on  a  50-cycle  system. 
Under  these  circumstances  we  have  yet  to  determine  the  cost 
and  practicability  of  combining  these  two  frequencies  into  one 
system.  We  are  constantly  and  rapidly  increasing  the  load  on 
each  of  the  two  systems  of  distribution  but  here  we  are 
seriously  considering  the  tying  together  of  all  sources  of 
generation  or  supply  by  means  of  one  great  interconnecting  tie 
line.  Under  these  circumstances  what  do  we  propose  to  do 
eventually  with  these  two  frequencies?  In  my  opinion  this  is 
the  real  electrical  problem  to  which  we  should  just  at  this  time, 
address  ourselves. 
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L.  M.  Klauber:     I  think  that  the  question  of  frequency  is 

somewhat  like  some  of  these  economic  problems — it  will  solve 
itself  over  night.  The  Kdison  Company  has  alwaj^  claimed 
that  50  cycles  is  the  proper  frequency  and  that  operation  would 
be  impossible  at  any  other.  However,  last  week  when  the 
engineering  staff  was  not  watching,  the  system  speeded  up  to 
something  like  59)2  cycles  ami  operated  that  way  for  alx>ut 
two  minutes;  they  could  as  easily  do  it  for  two  years. 

L.  J.  Corbett:  As  has  been  stated,  the  electrical  features 
involved  in  the  line  projected  have  not  been  discussed  very 
much.  It  occun-ed  to  me  after  looking  over  this  paper  and 
listening  to  the  remarks  thus  far,  that  some  of  these  points  have 
not  been  taken  up  because  they  are  not  of  extreme  importance 
from  an  electrical  viewpoint.  When  you  have  a  system  as  long 
the  one  contemplated,  with  plants  connected  in  at  short 
tances  apart,  the  actual  effect  on  the  system,  at  San  Diego, 
for  instance,  due  to  connect  ing  in  the  plant  at  Spokane,  would 
not  be  of  great  importance,  because  the  load  at  San  Diego 
would  be  taken  care  of  by  the  plants  in  the  closer  vicinity. 
Only  in  certain  cases  where  for  some  reason  an  entire  district 
would  be  cut  out,  would  we  have  even  the  problem  of  a  long 
distance  transmission  line  arising.  It  may  be  recalled  that  in 
the  case  of  a  long  line  there  are  differences  in  wave  form  which 
result  from  the  transmission  line  characteristics,  but  it  is  my 
opinion  that  these  would  be  almost  eliminated  in  such  a  system 
as  outlined  here. 

As  has  been  stated  by  one  of  the  speakers,  a  220,000-volt  line 
is  not  necessary,  as  an  interconnection  of  the  ordinary  existing 
systems,  whether  30,000,  50,000,  60,000,  110,000  or  150,000 
volts,  can  be  made.  The  lines  can  be  interconnected  just  as 
they  are  by  using  proper  transformer  substations.  As  for  the 
different  frequencies  encountered,  that  feature  would  present  a 
minor  difficulty;  it  would  be  an  economic  question  solely,  as  it 
would  call  merely  for  the  additional  cost  of  a  frequency  changer 
when  connection  is  made  to  a  plant  of  a  different  frequency. 
It  seems  to  me  that  everything  required  can  be  done  with  a 
lower  voltage  line  and  with  equipment  already  in  use  or  avail- 
able. 

.  J.  H.  Anderton:  All  previous  discussions  on  this  paper 
have  given  practically  no  weight  to  the  engineering  problems 
involved  in  the  design  and  operation  of  the  proposed  line.  In 
fact,  it  has  been  stated  here  that  the  engineering  problems  are 
comparatively  simple.  This  may  be  quite  correct  if  the  com- 
parison be  made  with  the  financial  side  of  the  problem.  I  do 
not  believe,  however,  that  we  should  assume  the  engineering 
features  as  a  negligible  factor.  For  instance,  I  note  from  the 
figures  given  on  page  1240  of  the  paper  that  the  distance  be- 
tween Pit  River  and  Los  Angeles  is  570  miles;  to  San  Diego  it 
would  be  approximately  700  miles.  These  distances  are,  of 
course,  more  or  less  approximate  and  while  they  approach  the 
quarter- wave  length  of  60-cycle  propagation,  there  will  be  no 
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danger  from  this  standpoint  alone  since  a  practical  line  has 
resistance  and  other  constants  which  prevent  the  theoretical 
rise  due  to  the  quarter-wave  length  distance.  However,  with 
lines  of  any  length  and  given  constants,  a  point  of  highest 
receiver  voltage  and  maximum  charging  kv-a.  can  be  found. 
The  converse  is  also  true  that  with  a  given  length  certain 
constants  will  give  the  highest  receiver  voltage  and  maximum 
charging  kv-a.  With  a  line  of  the  length  imder  consideration, 
the  use  of  normal  line  constants  might  reasonably  give  a 
receiver  voltage  of  from  250  to  400  per  cent  of  the  normal 
generator  voltage,  assuming  that  the  line  were  charged  from 
one  end.  This  latter  assumption  is,  of  course,  impossible  due  to 
the  kv-a.  capacity  which  will  be  required  to  charge  the  line  but 
indicates  in  a  general  way  the  necessity  for  a  careful  determina- 
tion of  all  the  constants.  The  complexity  of  the  problem  is 
very  apparent  from  the  fact  that  the  line  may  be  operated  as  a 
whole  or  in  part  and  could  be  charged  from  various  sources. 

H.  H.  Cox:  The  idea  in  preparing  this  paper  was  tfiat  it 
is  now  time  for  some  large  development  in  California.  Cali- 
fornia can  use  100,000  or  200,000-kw.  water  power  now  and 
relieve  the  steam  plants  and  shut  o^  the  use  of  fuel.  You 
all  know  the  price  of  fuel.  Fuel  means  something  more  to  us. 
In  a  pound  of  oil  there  is  a  whole  lot  of  other  things  more 
valuable  than  the  thermal  imit.  Therefore,  the  use  of  fuel 
is  going  to  be  turned  in  another  direction  to  make  these  chemi- 
cal products,  giving  us  the  use  of  the  by-products. 

Our  confidence  in  the  operation  possibilities  of  the  high- 
voltage  line  is  absolute.  We  don't  think  there  will  be  any  diffi- 
culty at  all.  In  answer  to  Mr.  Anderton,  regarding  the  dis- 
tance of  750  miles,  more  or  less,  this  system  would  never  be 
operated  as  a  transmission  from  Pit  River  to  Los  Angeles. 
You  would  have  to  get  the  individual  sections  together.  That 
is,  one  line  from  Pit  River  to  San  Francisco  and  another  from 
Big  Creek  to  Los  Angeles;  then  the  two  would  be  gotten 
together  and  power  interchanged.  It  would  be  a  physical 
impossibility  to  build  up  a  line  of  this  distance  with  generators 
because  the  quarter-wave  length  would  act  as  a  short  circuit 
on  the  line. 

In  regard  to  the  operation  of  the  line,  we  state  that  com- 
plete parallel  operation  of  all  lines  must  be  adhered  to  in  the 
proposed  system.  Satisfactory  protective  relay  systems  for 
dropping  defective  sections  with  little  disturbances  have  been 
developed  for  present  parallel  transmission  lines  and  there 
appear  to  be  no  obstacles  to  extending  these  to  the  higher 
voltages.  Such  protective  relay  systems  have  been  in  use  on 
60-kv.  systems  and  are  operating  satisfactorily. 

This  transmission  bus,  as  I  have  said,  will  probably  never 
transmit  power  from  north  to  south,  but  it  will  be  a  means  of 
caring  for  emergencies  and  transmitting  surplus  energy  to 
take  care  of  the  diversity  of  the  different  loads. 
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The  present  interconnections  have  a  very  limited  capacity, 
as  you  all  know.  One  company  may  now  have  10,000  kw.  to 
spare  and  puts  in  an  interconnection  of  that  size.  Tomorrow 
an  emergency  arises  and  the  other  company  needs  20,000  kw. 
The  interconnection  would  not  carry  it.  In  the  beginning  of 
our  paper  we  assiuned  the  interconnection  of  all  the  California 
power  companies  on  an  equitable  cost  basis.  It  is  now  time 
for  a  large  development  of  power  to  take  place  in  California. 

G.  E.  Armstrong:  I  just  overheard,  from  Mr.  Downing, 
the  remark  that  we  will  have  a  job  to  justify  this  line.  It 
doesn't  look  that  way  to  us.  In  the  first  place,  Mr.  Downing 
said  that  California  had  lots  of  power,  I  suppose  ten  years 
ago  that  the  power  we  have  now  looked  like  qmte  a  bit.  When 
I  first  came  with  the  Southern  California  Edison  Company 
we  had  a  peak  of  30,000  or  40,000  kw.  and  we  are  now  running 
over  175,000  kw.  The  increase  is  going  on  a  percentage  basis. 
When  on  that  basis,  and  the  percentage  increasing  every 
year,  we  are  going  to  pick  up  load  pretty  fast. 

Mr.  Downing  thinks  he  won't  live  to  see  this  line  an  accom- 
plished fact.  I  would  like  to  call  his  attention  to  one  point. 
For  instance,  the  Southern  California  Edison  Company,  if 
this  line  isn't  put  in,  is  going  to  need  an  additional  150,000- 
volt  line  to  Bi^  Creek  very  shortly.  The  two  lines  we  have, 
now  are  suflBcient  for  about  60,000  kv-a.  each.  The  two 
Big  Creek  plants  now  have  a  capacity  of  60,000  kv-a.  The 
installation  of  another  plant  there  will  bring  it  up  to  100,000 
next  year  and  we  will  need  more  for  the  next  year.  If  the 
voltage  is  raised  to  220,000  shortly,  the  capacity  of  each  line 
would  be  about  125,000.  This  was  the  idea  that  we  had  in 
mind  as  a  need  of  bringing  this  proposed  line  in  operation. 

The  San  Joaquin  Light  and  Power  Co.  now  needs  a  trans- 
mission line  running  north  and  south  and  having  a  voltage 
of  at  least  110,000;  that  is  what  they  are  figuring  on.  You 
can  easily  see  that  it  would  be  a  waste  of  money  for  them  to 
build  a  line  of  that  capacity  when  the  Big  Creek  line  at  220,000 
volts  could  take  care  of  both  the  Edison  Company  and  the  San 
Joaquin  Light  and  Power  Company. 

There  is  one  other  point.  The  longer  this  proposition  is  put 
off,  the  harder  it  will  be  to  accomplish  it.  If  it  is  necessary 
for  the  Southern  California  Edison  Company  to  build  another 
150,000-volt  line  to  Big  Creek,  it  would  not  be  very  favorable 
to  changing  to  60  cycles.  This  same  thing  would  be  true  of 
any  of  tiie  companies  in  the  northern  part  of  the  state  who  find 
it  necessary  to  extend  their  lines  in  the  near  future.  But,  if 
this  bus  line  is  considered  now  and  worked  out  in  a  reasonable 
way,  I  don't  see  why  the  next  lines  could  not  be  built  having 
in  view  the  interconnection  of  the  systems,  so  they  could  be 
operated  at  220,000  volts  when  the  time  comes. 


Presented  at  a  joint  meeting  of  the  American 
Institute  of  Electrical  Engineers  and  ths  Institute 
of  Radio  Engineers,  New  York,  October  1,  1919. 

Copyright  1919  by  A.  I.  E.  E. 
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Abstract  of  Paper 


The  paper  defines  the  state  of  the  art  of  today  which  is  the 
result  of  developments  during  the  war.  Transatlantic  radio 
communication  is  at  present  maintained  by  five  first  class  sta- 
tions, two  in  America  and  three  in  Europe.  These  stations 
operate  at  wave-leng:ths  between  12,500  and  17,000  meters.  The 
range  of  wave-lengths  suited  for  such  traffic  is  rather  limited, 
the  desirable  wave  length  being  included  between  the  limits  of 
10,000  to  20,000  meters.  New  developments  indicate  three 
methods  for  increasing  the  radio  traffic  without  interference 
between  the  different  messages.  These  methods  are  increase  of 
the  transmitting  speed,  closer  spacing  of  wave  lengths  and  direc- 
tive reception.  If  these  techmcal  possibilities  are  intelligently 
used,  the  author  predicts  that  radio  communication  will  be  equal 
to  all  demands  that  will  be  placed  upon  it. 

The  second  part  of  the  paper  describes  the  radio  transmitting 
system  for  the  development  of  which  the  author  is  responsible. 
This  system  is  represented  by  the  naval  radio  station,  New 
Brunswick,  N.  J.  and  comprises  new  means  for  generating 
modulating,  and  radiating  the  continuous  wave  energy.  The 
generator  is  the  high-frequency  alternator  with  wmoh  the 
author's  name  has  become  associated.  The  modulating  system 
is  the  "magnetic  amplifier"  which  is  described  in  a  paper  bv  the 
author  before  the  Institute  of  Radio  Engineers.  The  ''multiple 
antenna*'  system  of  radiation  is  described  in  this  paper  lor 
the  first  time.  The  general  theory  and  figures  for  the  increased 
radiation  efficiency  are  given.  The  author  also  predicts  that  the 
multiple  antenna  will  make  possible  directive  radiation  on  a 
large  scale. 

IT  has  already  become  generally  known  that  a  new  highway 
for  world  traffic  has  been  opened  up  through  the  develop- 
ment of  transatlantic  radio  commimication.  It  is  now  a  matter 
of  history  that  radio  was  largely  used  for  commimication 
between  the  United  States  and  armies  in  Europe  and  that 
the  Great  War  was  brought  to  a  close  by  negotiations  con- 
ducted by  radio  which  led  to  the  armistice.  Now,  we  are 
ready  for  an  international  commerce  of  unprecedented  scope, 
but  lack  adequate  means  for  communication. 

The  recent  achievements  of  radio  technique  have  become 
common  knowledge,  and  the  world  has  now  turned  to  this  new 
method  of  communication  clamouring  that  it  step  in  and  save 
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the  day.  This  is  a  condition  which  places  a  serious  responsi- 
bility upon  radio  engineers.  Fortunately,  the  technique  has 
emerged  from  the  cloud  of  mystery  that  used  to  surround  it, 
and  we  are  in  position  to  treat  the  problem  cooly  and  scienti- 
fically like  any  other  problem  in  electrical  engineering.  How- 
ever, it  must  not  be  inferred  that  the  task  is  any  easy  one,  if 
the  radio  technique  is  to  fulfill  all  the  hopes  which  are  placed 
on  it. 

It  has  been  demonstrated  during  the  war  period  that  trans- 
oceanic communication  has  become  thoroughly  reliable,  every 
day  in  the  year,  and  practically  every  hour  in  the  day.  Thus 
far,  we  can  say,  that  the  problem  is  solved.  But  a  second 
question  will  be  raised :  What  volume  of  traffic  can  be  carried 
by  the  means  at  our  disposal  at  the  present  time,  and  what  is 
the  relation  of  this  radio  traffic  to  the  world  traffic  of  to-day. 
and  to  the  world  traffic  of  the  future?  The  facts  of  the  case 
are  briefly  the  following: 

Experience  has  shown  that  the  wave  lengths  which  are  most 
suited  for  transoceanic  communication  lie  between  12,000  and 
17,000  meters.  *'This  space  in  the  ether"  has  already  been 
taken  up  by  five  first  class  transmitting  stations  which,  during 
the  war  period  and  up  to  the  present  time,  have  been  in  con- 
tinuous service  for  transatlantic  communication.  Of  these 
stations,  two  are  in  the  United  States,  one  in  England,  one  in 
France  and  one  in  Germany.  By  extending  the  range  of  wave 
lengths  down  to  10,000  and  up  to  20,000  meters,  and  following 
the  same  system  of  intervals  there  would  be  room  for  about 
seven  more  stations  or  a  total  of  twelve  first  class  transmitting 
stations. 

A  first  class  station  has  such  radiating  power  that  its  messages 
can  be  received  in  all  parts  of  the  world.  This  is  one  of  the 
advantages  of  radio  communication;  but  it  implies  that  if 
such  a  station  is  to  be  used  to  full  advantage  it  must  have  a 
"right  of  way"  for  its  wave  length  over  the  whole  world.  Thus 
if  we  look  at  the  matter  pessimistically,  without  allowance 
for  the  improvements  that  further  engineering  developments 
are  likely  to  bring,  it  would  look  as  if  the  capacity  of  the  world 
for  first  class  radio  stations  would  be  about  twelve.  The  rate 
of  transmission  at  the  present  time  from  these  stations  is  about 
twenty  words  a  minute  and  it  would  thus  be  easy  to  figure  out 
that  the  capacity  of  radio  for  handling  any  considerable  portion 
of  world  communication  would  be  totally  inadequate. 
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The  other  side  of  the  picture,  which  the  radio  engineer  of 
the  future  must  study  carefully  and  closely,  should  indicate 
the  technical  possibilities  for  improving  the  situation.  The 
tendency  of  present  day  developments  points  to  the  following 
means  for  expansion  of  radio  traffic: 

1.  Increase  in  speed  of  transmission. 

2.  Improved  selectivity  based  on  the  direction  of  the  wave. 

3.  Improved  selectivity  making  possible  closer  spacing  of 
wave  lengths. 

As  a  basis  of  discussing  the  general  situation  it  may  be  here 
stated  as  simple  facts: 

1.  That  signals  have  been  transmitted  and  received  at  con- 
siderably more  than  100  words  a  minute. 

2.  That  signals  have  been  received  from  Europe  while  an 
American  high  power  station  within  comparatively  short  dis- 
tance was  radiating  on  the  same  wave  length. 

3.  That  is  has  proved  practical  to  separate  radio  signals 
differing  in  wave  length  considerably  less  than  1  per  cent. 

Based  on  these  facts,  it  is  probable  that  the  transmitting 
speed  in  the  future  will  average  100  words  a  minute  instead  of 
20  words  a  minute. 

That  the  selectivity  for  direction  of  the  waves  will  multiply 
by  five  the  number  of  stations  that  may  be  operated  on  one 
wave  length;  and  that  the  selectivity  with  reference  to  wave 
length  will  be  improved  so  that  the  wave  lengths  of  messages 
will  be  within  1  per  cent  of  each  other,  instead  of  7  per  cent 
which  is  the  spacing  of  the  stations  at  present. 

These  prospects,  taken  in  combination,  give  us  an  optimistic 
picture  in  which  the  possible  capacity  for  transoceanic  radio 
traffic  of  the  world  is  175  times  as  great  as  it  is  with  the  practise 
of  to-day. 

To  claim  that  the  traffic  capacity  could  immediately  be  in- 
creased nearly  200  times,  would  be  an  exaggeration,  because 
the  different  improvements  which  have  been  made  may  partly 
conflict  with  the  execution  of  each  other  if  they  are  to  be  used 
simultaneously.  This  optimistic  picture  is  therefore  to  be 
regarded  as  a  goal — perhaps  never  to  be  reached,  but  it  points 
the  way  for  almost  unlimited  possibilities  for  progress  by  con- 
tinued engineering  efforts. 

In  order  to  avail  ourselves  of  these  three  improvements  simul- 
taneously, the  transmitted  wave  must  be  a  continuous  wave 
which  does  not  "spill  over"  with  harmonics,  decrements  or 
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variations,  into  the  range  of  wave  length  assigned  for  other 
communication.  When  wave  lengths  are  spaced  1  per  cent 
apari:,  each  wave  must  be  sufficiently  pure  so  as  to  have  no 
objectionable  components  outside  the  limits  of  one-half  of  one 
per  cent.  While  rules  to  this  effect  should  be  rigidly  enforced 
it  must  be  appreciated  that  there  are  certain  fundamental 
limitations. 


^■■■■■■ililiilll 


Fio.  I — Method  of  Rebolvino  Sine  Wave  Mod 
Co N-TiNui>us  Waves 


High  Speed  Signaung 
Modem  transoceanic  radio  signaling  is  conducted  by  means 
of  continuous  waves.  It  must  be  appreciated,  however,  that 
signaling  by  an  absolutely  continuous  wave  would  be  impossible, 
because  the  making  of  dots  and  dashes  introduces  increments 
and  decrements  in  the  radiation.  It  will  be  shown  that  a 
repetition  of  increments  and  decrements  can  be  resolved  into 
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a  group  of  closely  adjacent  continuous  waves.  This  agrees 
with  the  well  known  fact  that  the  tuning  of  a  wave  with  a 
decrement  is  known  as  a  broad  tuning.  To  illustrate  this 
point  we  may  take  as  a  basis  a  signal  at  100  words  a  minute 
(5  letters  per  word).  If  it  is  assumed  that  the  increments  and 
decrements  in  making  the  dots  are  not  sharp  interruptions  but 
a  continued  variation  by  sine  wave  curves  as  indicated  in  Fig.  1, 
it  is  found  by  an  analysis  that  such  a  wave  may  be  resolved 
into  a  group  of  continuous  wave  components  within  the  limits 
of  40  cycles  above  and  below  the  average.  This  is  the  theoreti- 
cal minimum  width  of  the  band  of  wave  lengths  which  are 
necessary  to  transmit  100  words  per  minute.  If  the  dots  are 
defined  by  sharper  interruptions  the  wave  becomes  still 
''broader"  and  it  would  not  be  unreasonable  to  say  that  the 
minimum  practical  band  of  wave  lengths  for  100  words  per 
minute  is  100  cycles  on  each  side  of  the  fundamental.  This 
would  make  possible  a  spacing  of  the  waves  1  per  cent  apart 
when  using  a  wave  length  of  approximately  15,000  meters. 
Messages  at  a  higher  rate  of  speed  will  occupy  a  correspondingly 
wider  "space  in  ether." 

As  a  conclusion  from  this  analysis  it  may  thus  be  said  that  an 
increase  of  the  speed  to  100  words  a  minute  and  increase  of 
messages  to  a  spacing  1  per  cent  apart  may  be  accomplished 
simultaneously  provided  that  waves  are  used  of  such  a  charac- 
ter and  modulation  that  they  contain  no  radiation  except  the 
one  needed  to  accomplish  the  intended  purpose. 

Directive  Reception 

The  second  means  for  increasing  radio  traffic  consists  in 
improving  the  selectivity  by  taking  advantage  of  the  direction 
of  the  waves.  The  author's  paper  printed  in  the  Proceedings 
of  the  Institute  of  Radio  Engineers,  August,  1919,  described  a 
receiver  referred  to  as  the  "Barrage  Receiver"  which  was  used 
to  demonstrate  directive  reception.  There  are  several  other 
types  of  receiving  devices,  developed  by  the  United  States 
Navy  and  other  investigators,  which  accomplish  substantially 
the  same  purpose.  The  broad  principle  underlying  all  these 
directional  receiving  devices  is  the  one  discovered  by  Bellini 
and  Tosi  and  generally  referred  to  under  their  names. 

In  the  U.  S.  Navy's  tests  of  the  "Barrage  Receiver",  it  was 
proven  that  it  is  possible  to  carry  on  simultaneous  two-way 
communication  on  exactly  the  same  wave  length.    If  this 
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method  of  directive  reception  is  carried  out  consistently  in  a 
world  system  of  communication,  it  may  be  assumed  that 
transmitting  stations  operating  on  the  same  wave  length  may 
be  located  approximately  as  shown  in  the  map  in  Fig.  2 — one 
in  Europe,  one  on  the  American*east  coast,  one  on  the  American 
west  coast,  one  in  the  Far  East  and  one  in  South  America. 
The  American  receiving  station  for  European  signals  in  such  a 
system  should  be  located  east  of  the  American  Atlantic  Trans- 
mitting Station,  and  in  line  with  the  Pacific  Transmitting 
Station.  Thus  messages  from  the  two  American  transmitting 
stations  could  both  be  simultaneously  neutralized  in  the 
American  Receiving  station  by  a  "Barrage  Receiver,"  while 
signals  on  the  same  wave  length  are  received  from  Europe. 
Interference  from  the  South  American  station  may  be  neu- 


FiG.  2 — Proposed  Simultaneous  Radio  Transmissions  on  the  Same 

Wave  Length 


tralized  by  the  use  of  a  double  barrage  system,  while  the  station 
in  the  Far  East,  though  it  may  not  be  exactly  in  line  with  the 
two  others  would  be  sufficiently  near  the  general  direction  so 
that,  considering  the  great  distance,  it  would  not  cause  inter- 
ference. 

If  this  communication  system  is  to  be  duplicated  on  a  num- 
ber of  other  wave  lengths,  the  practical  conclusion  follows  that 
the  transmitting  stations  as  well  as  receiving  stations  for  each 
district  should  be  grouped  in  centers,  and  these  centers  located 
relatively  so  as  to  make  the  directive  neutralization  as  effective 
as  possible.  The  neutralization  of  several  transmitting 
stations  simultaneously  may  not  always  work  out  as  first 
designed.  It  has  been  shown  by  investigations  of  the  Navy 
Department  that  the  radio  waves  do  not  always  follow  straight 
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lines  and  not  always  the  same  path.  However,  discrepancies 
from  such  origin  may  again  be  overcome  by  further  extending 
the  principle  of  neutralizing  waves  from  several  directions 
simultaneously. 

Closer  Spacing  of  Wave  Lengths 
The  method  of  increasing  traffic  capacity  by  closer  spacing 
of  wave  lengths  has  great  possibilities.  It  has  been  shown  that 
the  selectivity  with  reference  to  wave  length  can  be  greatly 
increased  by  several  successive  tunings  in  either  the  radio,  the 
audio  or  some  intermediate  circuit.  It  is  thus  entirely  practical 
to  receive  either  by  ear  or  by  photographic  records,  signals 


which  are  considerably  less  than  100  cycles  apart.  The 
theoretical  limits  for  such  selectivity  in  connection  with  high 
speed  transmission  are  defined  below.  As  illustrated  in  Fig.  1, 
a  high  speed  message  is  not  a  single  continuous  wave,  but  a 
band  of  wave  lengths — 100  words  per  minute  occupying  a  space 
of  about  200  cycles,  Therefore  ttie  same  degree  of  selectivity 
is  not  to  be  expected  with  a  high-speed  signal  if  the  interfering 
radiation  is  of  considerable  intensity. 

Speaking  in  terms  more  familiar  to  practical  radio  operators 
it  may  be  said  that  high  speed  telegraph  signals  assume  to  some 
degree  the  objectionable  characteristics  of  a  spark  signal.  As 
an  illustration  of  this,  Fig.  3  shows  the  relative  decrements  in  a 
continuous  high-speed  telegraph  wave  and  a  spark  wave,  show- 
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ing  that  the  increments  and  decrements  of  the  continuous 
wave  signal  at  500  words  per  minute  are  about  equal  to  a  spark 
wave  of  400  sparks  per  second.  These  illustrations  apply  to 
wave  lengths  of  about  15,000  meters. 

The  Radio  Transmitting  System 

Several  tjrpes  of  radio  transmitting  systems  are  at  present  in 
use  with  a  high  degree  of  success.  The  descriptive  matter  in 
this  paper  will,  however,  be  confined  to  the  system  for  which 
the  author  is  responsible  as  represented  by  the  Naval  Radio 
Station  at  New  Brunswick,  N.  J. 

Generally  speaking,  any  radio  transmitting  system  consists 
of  three  essential  elements: 

1.  The  generator  of  radio  frequency  energy. 

2.  The  modulating  system,  whereby  the  energy  is  controlled 
so  as  to  produce  the  dots  and  dashes  of  the  telegraph  code  or 
the  modulations  of  the  himian  voice. 

3.  The  antenna  or  radiating  system. 

Generating  System 

There  are  four  types  of  generating  systems  of  high-frequency 
energy  in  use  at  the  present  time. 

1.  The  spark  or  impulse  generator. 

2.  The  Poulsen-Arc  generator. 

3.  The  high-frequency  alternator. 

4.  The  vacuum  tube  oscillator. 

The  system  which  will  be  described,  is  of  the  type  employing 
a  high-frequency  alternator.  The  installation  of  New  Bruns- 
wick contains  a  50-kw.  alternator  shown  in  Fig.  4  which  was 
operated  for  sometime  for  experimental  purposes  with  radio 
telephony  at  a  wave  length  of  8000  meters,  and  later  in  trans- 
atlantic telegraph  service  at  9300  meters. 

A  larger  equipment  which  has  been  in  continuous  service  for 
the  last  year  consists  of  a  200  kw.  alternator  shown  in  Fig.  5, 
6  and  7.  Fig.  5  shows  the  machine  partly  assembled,  the 
rotor  consisting  of  a  solid  steel  disk.  The  spaces  between  the 
polar  projections  are  filled  with  non-magnetic  material  so 
as  to  present  a  smooth  surface  and  thereby  reduce  air  friction 
to  a  minimum.  The  disk  runs  between  the  two  laminated 
armatures  which  are  cooled  by  water  pipes  as  shown  in  the 
photograph.  The  armature  winding  which  consists  of  wire 
wound  back  and  forth  in  straight  open  slots,  is  divided  in  64 
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sections,  each  section  generating  about  100  volts  and  30  am- 
peres. The  current  generated  by  these  64  windings  is  collected 
in  the  air  core  transformer  mounted  on  the  top  of  the  machine, 
Fig.  7.  This  transformer  has  64  independent  primary  windings 
corresponding  to  the  armature  windings.  The  single  secondary 
winding  of  the  transformer  delivers  the  complete  output  of  the 
alternator.  This  collecting  transformer  is  thus  to  be  considered 
as  an  integral  part  of  the  generating  unit  and  for  all  purposes 
of  calculation  the  characteristics  of  the  generating  unit,  such 
as  electromotive  force  and  current,  are  given  as  delivered  from 
this  secondary  winding.  At  full  output  the  alternator  delivers 
100  amperes  at  an  electromotive  force  of  2000  volts.-  It  can 
thus  be  seen  that  the  alternator  is  designed  for  a  load  resistance 
of  20  ohms.  However,  the  same  machine  might  be  adapted 
for  any  other  load  resistance  by  selecting  a  different  number 
of  turns  in  the  secondary  of  the  collecting  transformer.  The 
reason  why  this  particular  machine  is  designed  for  a  high 
voltage  and  low  current  will  be  given  later  in  discussion  of  the 
new  type  of  antenna  with  which  it  is  used. 

The  200-kw.  alternator  when  operated  at  the  New  Brunswick 
wave  length  of  13,600  meters  runs  at  a  speed  of  2170  rev.  per 
min.  It  is  driven  by  an  induction  motor  through  a  gear  of 
a  ratio  of  2.97:1  when  the  high-frequency  alternator  is  used  as 
a  source  of  radiation,  the  wave  length  is  determined  directly 
by  the  rotative  speed  of  the  machine.  Thus,  obviously,  it  is 
important  that  the  rotative  speed  should  be  as  nearly  abso- 
lutely constant  as  it  is  possible  to  make  it.  An  important  ac- 
cessory of  the  alternator  set  is  therefore  the  speed  regulator. 
The  50-kw.  alternator  set  shown  in  Fig.  3  is  driven  by  a  direct- 
current  motor  whereas,  the  200-kw.  set  is  driven  by  an  induction 
motor  of  the  slip  ring  type.  The  50-kw.  set  was  equipped  with 
a  direct-current  motor  because  the  problem  of  speed  regulation 
of  that  type  of  motor  is  somewhat  easier.  Induction  motors 
were,  however,  decided  upon  for  the  later  types  because  al- 
ternating-current power  is  more  easily  available  in  most  locali- 
ties. 

Speed  Regulator 

The  speed  regulator  consists  of  a  speed  determining  element 
and  a  power  controlling  element.  The  speed  determining 
element  is  a  resonant  high-frequency  circuit  fed  by  one  of  the 
64  alternator  windings  which  is  set  aside  for  that  purpose.  The 
oscillating  energy  of  this  high-frequency  circuit  is  associated 
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by  magnetic  couplings  with  a  rectifying  circuit  in  which  the 
high-frequency  energy  is  changed  into  direct  current.  This 
rectified  current  in  turn,  actuates  the  controlling  magnet  of  a 
vibratmg  regulator  of  the  type  that  is  generally  used  for  volt- 
age regulation  in  power  stations.  When  the  driving  motor  is 
a  direct-current  motor  it  is  easy  to  see  how  this  vibrating 
regulator  may  be  made  to  control  the  speed  by  regulating  the 
voltage  of  the  power  supply  to  the  motor.  In  order  to  ac- 
complish the  same  object  with  an  induction  motor  some  new 
features  have  been  introduced. 

An  ordinary  induction  motor  is  operated  at  constant  po- 
tential. When  the  motor  runs  light  it  draws  from  the  line  a 
magnetizing  current  which  is  almost  wattless.  Thus  it  operates 
at  a  low  power  factor.  When  the  motor  is  fully  loaded  it 
draws  power  at  a  high  power  factor — a  motor  of  the  type  used 
having  a  power  factor  of  90  per  cent. 

When  the  New  Brunswick  station  was  adjusted  for  operation 
it  was  found  that  a  wave  length  was  desired  which  required 
the  induction  motor  to  work  at  19  per  cent  slip.  The  rheostat 
in  the  secondary  of  the  motor  could  easily  be  adjusted  so  that 
the  motor  would  deliver  the  desired  power  with  full  load  at 
19  per  cent  slip.  However,  inasmuch,  as  the  output  of  the 
alternator  varies  continually  with  the  making  of  dots  and  dashes 
of  the  telegraph  code,  the  motor  is  alternately  loaded  and  not 
loaded.  The  tendency  would  therefore  be  for  the  motor  to 
speed  up  during  the  intervals.  If  the  potential  of  the  power 
supply  to  an  induction  motor  is  varied,  the  motor  torque 
varies  by  the  square  of  the  voltage.  It  is  furthermore  easy  to 
show,  by  the  theory  of  the  induction  motor,  that  if  a  motor 
consumes  power  at  90  per  cent  power  factor  at  full  load,  and 
the  load  is  reduced  to  34  by  the  reduction  of  voltage  to  J^, 
the  power  factor  will  remain  90  per  cent.  In  fact  it  will  always 
consume  power  at  90  per  cent  power  factor  regardless  of  its 
load  if  the  voltage  supply  is  adjusted  accordingly,  so  long  as 
the  secondary  resistance  remains  constant  and  the  speed  re- 
mains constant. 

Thus  it  may  be  said  that  the  standard  method  of  operating 
an  induction  motor  is  at  constant  potential  and  variable  power 
factor.  The  method  of  operating  the  driving  motor  of  the 
radio  set  may  on  the  other  hand  be  characterized  as  variable 
potential  and  constant  power  factor. 

The  problem  which  thus  presented  itself  was  to  find  means 
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for  varying  the  applied  voltage  in  accordance  with  action  of 
the  speed-determining  element,  and  this  has  been  done  in  the 
following  way: 

Between  the  motor  and  the  power  supply  is  introduced  a 
choke  coil  with  iron  core,  the  permeability  of  which  can  be 
varied  by  saturation.  The  change  in  permeability  is  produced 
by  a  direct  current  which  is  controlled  by  a  vibrating  regulatoi^. 
When  the  motor  carries  full  load  the  iron  core  is  saturated  so 
that  the  choking  effect  is  practically  zero.  At  fractional  load 
the  choking  effect  is  automatically  adjusted  by  the  regulator 
so  that  the  motor  delivers  at  all  times  the  power  required  to 
hold  constant  speed.  The  motor  itself  operates  at  all  times  at 
its  maximum  efficiency  and  power  factor,  but  the  power  factor 
of  the  current  drawn  from  the  line  varies  with  the  load.    Thus 
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Fig.  8 — Speed  RegulatorJAlternating  Current  Drive 


when  the  motor  operates  at  J^  load  the  power  factor  of  the  line 
is  45  per  cent  while  the  power  factor  of  the  motor  is  90  per  cent. 
The  circuits  of  the  regulator  are  shown  in  Fig.  8  and  the 
vibrator  regulator  in  Fig.  9. 

Modulating  System 

The  method  of  controlling  high-frequency  energy  involves  an 
apparatus  which  has  become  known  as  the  "magnetic  ampli- 
fier." This  device  is  described  in  a  paper  by  the  author  in  the 
Institute  of  Radio  Engineers,  January,  1916,  and  therefore 
needs  to  be  referred  to  only  briefly.  The  magnetic  amplifier  is 
a  device  which  is  physically  of  the  nature  of  an  oil  cooled 
transformer.  The  iron  core  which  is  made  of  fine  laminations, 
is  designed  in  such  a  way  that  the  magnetic  permeability  of 
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the  iron  core  can  be  varied  by  magnetic  saturation.  By  a 
special  combination  of  tuned  circuits  as  sliown  in  Fig.  10  it  has 
become  possible  to  separate  the  controlling  current  from  the 
high-frequency  current  so  that  a  comparatively  weak  current  of 
a  few  amperes  controls  as  many  hundreds  of  amperes  in  the 
antenna.  When  the  transmitting  station  is  used  for  telegraphy 
the  magnetic  amplifier  is  controlled  by  the  telegraph  relays 
which  are  a  part  of  the  wire  telegraph  system.  During  the 
war  service,  the  telegraph  key  was  operated  in  the  centralized 
operating  room  of  the  Naval  Communication  Department  in 
Washington.  When  the  station  ia  used  for  telephony  the  con- 
trolling current  is  an  amplified  telephone  current. 


While  the  magnetic  amplifier  has  proven  to  be  a  very  satis- 
factory and  reliable  controlling  device  for  ordinary  telegraphy 
its  pEulicular  advantages  are  most  prominent  in  high-speed 
telegraphic  transmission  and  telephonic  transmission,  on 
account  of  its  instantaneous  magnetic  action  without  any 
arcing  contacts.  Fig.  11  shows  an  oscillogram  of  radiation  at 
100  words  per  minute  and  a  copy  of  a  photographic  record  of 
reception  at  the  same  speed.  Fig.  12  shows  the  telephone 
modulation  of  the  antenna  current  when  Secretary  Daniels  was 
speaking  over  the  telephone  line  from  Washington,  controlling 
the  output  from  the  New  Brunswick  station,  thereby  transmit- 
ting his  voice  to  President  Wilson's  ship  at  sea. 
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The  Multiple  Antenna 

The  antenna  of  the  New  Brunswick  station  represents  a  new 
departure  in  the  method  of  radiation.  The  old  antenna  struc- 
ture was  originally  one  of  the  horizontal  Marconi  antenna, 
5000  ft.  (1500  m.)  long,  600  ft.  (180  m.)  wide  supported  on 
towers  400  ft.  (120  m.)  high.  The  original  antenna  had  a 
resistance  of  3 . 8  ohms. 

The  antenna  as  operated  now  has  a  resistance  of  0 . 5  ohms 
distributed  approximately  as  follows : 

Radiation  resistance 0.07  ohms 

Tuning  coils  and  insulation 0.10 

Ground  resistance 0.33 

Total  multiple  resistance 0.5  ohms 

The  reduction  in  total  resistance  of  the  antenna  is  due  to  the 
reduction  of  the  ground  resistance.  While  the  old  antenna 
had  one  tuning  coil  located  in  one  end,  the  new  antenna  has  six 
tuning  coils  as  shown  in  Fig.  10  and  Fig.  13. 

Theory  of  the  Multiple  Antenna 

The  theory  of  the  multiple  antenna  can  be  explained  in 
several  ways.  Without  going  into  details,  an  explanation  will 
be  presented  giving  the  point  of  view  which  has  proved  most 
useful  for  general  discussion.  For  this  purpose  the  multiple 
antenna  may  be  considered  as  an  aggregate  of  several  antennas 
of  the  ordinary  vertical,  type  each  having  its  own  tuning  coil. 
When  regarded  in  this  way,  the  multiple  antenna  in  New  Bruns- 
wick is  equivalent  to  six  independent  radiators  placed  1000  ft. 
apart.  The  ground  resistance  of  each  of  the  radiators  is  2 
ohms,  the  coil  resistance  0 . 6  ohms  and  the  radiation  0 .  07  ohms 
making  a  total  resistance  of  2 .  67  ohms.  Each  of  these  radiators 
has  an  aerial  1000  ft.  long  and  600  ft.  wide,  counted  at  an 
average  height  of  300  ft.  A  total  resistance  of  about  2 .  67  ohms 
is,  as  a  matter  of  fact,  the  resistance  to  be  expected  from  an 
antenna  of  such  dimensions  and  ordinary  design.  If  one 
individual  antenna  such  as  described  is  operated  with  a  radia- 
tion of  100  amperes,  the  energy  consumption  of  the  antenna 
would  be  26.7  kw.,  and  the  radiation  efficiency  would  be  0.07 
ohm  divided  by  2.67  ohm  which  is  2.6  per  cent.  If  it  is 
desired  to  increase  the  radiation  from  100  amperes  to  600 
amperes  the  energy  consumption  would  be  36  times  as  great 
that  is,  960  kw.    There  is,  however,  another  way  to  produce  a 
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radiation  equivalent  to  600  amperes.  If  six  separate  antennas 
of  the  dimensions  described  were  built  and  each  operated  with 
a  radiation  of  100  amperes,  each  antenna  would  emit  a  system 
of  waves  proportional  to  100  amperes  radiation.  If  all  the 
waves  emitted  by  the  six  antennas  were  in  phase,  the  amplitude 
of  the  combined  wave  would  be  six  times  as  great  as  the  wave 
emitted  by  one  antenna.  Thus  the  amplitude  of  the  com- 
bined wave  would  be  equal  to  the  amplitude  of  the  wave 
emitted  by  one  antenna  when  operated  at  600  amperes.  The 
energy  consimiption  required  for  operating  one  antenna  was 
26.7  kw.,  thus  it  might  off-hand  be  concluded  that  the  energy 
consumption  required  for  operating  the  six  antennas  simultane- 
ously would  be  160  kw.  This  conclusion  is  not  exactly  correct 
because  there  is  an  interaction  between  the  radiating  effects  of 
the  different  antennas  resulting  in  a  somewhat  higher  energy 
consumption.    This  might  be  expressed  as  follows: 

The  radiation  resistance  which  is  0.07  ohm  is  common  for 
all  six  antennas,  whereas  the  ground  and  coil  resistance  of  2 . 6 
ohm  belongs  to  the  different  antennas,  individually.  Thus  the 
combined  circuit  of  the  multiple  antenna  can  be  represented  by 
the  common  radiating  resistance  of  0.07  ohm  connected  in 
series  with  a  group  of  six  multiple  resistance  of  2 . 6  ohms  each, 
so  that  the  total  current  of  600  amperes  flows  through  the  0 .  07 
ohm  radiation  resistances  which  represent  the  ground  and  coil 
resistance  of  the  individual  antennas.  Hence  the  total  energy 
consimiption  of  the  combined  antenna  is  found  to  be  180  kw. 
out  of  which  155  kw.  is  ground  coil  and  insulation  loss  and  25 
kw.  radiation.  The  radiation  efficiency  of  the  multiple  an- 
tenna is  thus  14  per  cent  against  the  radiation  efficiency  of  2 . 6 
per  cent  for  the  individual  antenna.  The  above  calculation  is 
made  for  the  present  operating  wave  of  13,600  meters.  If  on 
the  other  hand  the  same  calculation  is  made  for  the  same  length 
of  8000  meters,  which  has  been  found  more  efficient  for  tele- 
phonic transmission,  it  is  found  that  the  radiation  efficiency  is 
30  per  cent,  the  energy  being  distributed  as  follows: 

Radiation  resistance .0.2   ohms 

Coil  and  insulation 0.07 

Ground  resistance 0.33 

Total  multiple  resistance 0.6   ohms 

For  the  sake  of  convenience  in  dealing  with  the  radiation 
from  a  multiple  antenna  it  has  become  the  practise  to  indicate 
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the  total  radiation  from  the  multiple  antemia  as  the  sum  of 
the  currents  measured  in  the  six  ground  connections.  The 
equivalent  multiple  resistance  of  the  antenna  is  then  deter- 
mined by  the  equation  PR  =  energy  consumption,  where  / 
is  the  sum  of  the  currents  in  the  ground  connection. 

It  has  been  assumed  above  that  each  of  the  individual  an- 
tennas is  operated  so  that  the  waves  sent  out  by  the  same  are 
not  only  of  the  same  frequency,  but  exactly  of  the  same  phase. 
It  remains  to  be  shown  how  this  is  accomplished.  Fig.  13 
shows  the  relation  between  the  antenna  and  the  multiple  tuning 
coils  and  the  alternator.    As  shown  by  the  diagram,  the  al- 
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temator  is  connected  in  series  with  one  of  the  six  tuning  coils. 
Arrows  on  the  diagram  indicate  further  how  the  oscillating 
currents  and  the  energy  currents  are  distributed.  Six  in- 
dependent oscillating  circuits  are  formed,  the  current  in  each 
ground  connection  corresponding  to  the  charging  current  of 
the  corresponding  section  of  the  aerial.  If  the  antenna  had 
been  shock  excited  so  that  it  continued  to  oscillate  in  the 
way  indicated,  no  current  would  flow  in  the  horizontal  wires 
between  the  different  sections  of  the  antenna.  However,  in 
order  to  maintain  continued  oscillations  a  flow  of  energy  must 
take  place  from  the  alternator  which  is  connected  to  one  of 
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the  six  tuning  coils.  When  the  antenna  is  operated  with  100 
amperes  in  each  of  the  ground  connections,  the  energy  con- 
sumption as  shown  above  is  180  kw.,  that  is,  each  oscillating 
circuit  consumes  30  kw. 

What  actually  takes  place  is  the  following:  The  tuning 
coil  to  which  the  alternator  is  connected  transforms  the  energy 
of  the  alternator  into  a  power  supply  at  a  potential  of 
60,000  volts,  and  each  of  the  oscillating  circuits  draws  energy 
from  this  pqjver  supply  at  that  voltage.  Thus  the  energy 
currents  consumed  by  each  oscillating  circuit  is  only  0.5  am- 
peres. It  can  thus  be  seen  that  while  the  total  oscillating 
current  of  the  antenna  is  600  amperes  the  energy  cmrent  which 
flows  horizontally  from  the  power  source  to  the  multiple  os- 
cillating circuits  is  only  a  total  of  2.5  amperes.  In  other 
words,  the  energy  which  is  delivered  by  the  first  tuning  coil 
in  the  form  of  100  amperes  at  1800  volts  is  transformed  by  the 
first  oscillating  circuit  and  distributed  as  in  a  transmission  line 
from  which  0.5  amperes  at  60,000  volts  is  drawn  in  five  places. 
The  analogy  between  the  multiple  antenna  and  a  high-tension 
power  distribution  system  is  thus  apparent. 

This  point  of  view  is  a  departure  from  the  conventional 
theory  of  radiation;  but  it  must  be  remembered  that  there 
was  a  time  in  the  development  of  electric  power  technique 
when  the  introduction  of  the  high-tension  multiple  distribution 
system  was  a  radical  departure. 

Directive  Radution 

The  multiple  antenna  as  described  in  its  simplest  form  is 
adjusted  so  that  the  radiation  from  each  of  the  individual 
oscillators  is  in  phase.  If,  however,  the  antenna  dimensions 
are  so  chosen  that  the  phase  displacement  of  the  traveling 
wave  between  the  different  radiators  becomes  an  essential 
factor,  it  is  possible  to  obtain  directive  radiation.  The  radiated 
wave  then  will  not  be  a  simple  circular  wave  but  an  interference 
pattern  which  may  be  treated  like  the  corresponding  phe- 
nomena in  light  and  sound  waves.  Furthermore  the  phase  dis- 
placement of  the  oscillations  of  the  individual  radiators  may 
be  regulated  by  tuning.  Thus  a  variety  of  interference  pat- 
terns may  be  created  and  analysis  of  these  possibilities  shows 
that  an  efficient  unidirectional  radiation  by  such  methods 
should  be  possible. 

Methods  for  unidirectional  radiation  have  been  established 
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through  the  well  known  work  of  Bellini  and  Tosi.  Through 
the  courtesy  of  Mr.  Bouthillon  of  the  French  Post  Office, 
results  of  tests  made  in  France  have  been  placed  at  the  disposal 
of  the  author,  which  show  conclusively  directive  radiation 
by  the  Bellini  and  Tosi  antenna. 

With  the.  dimensions  of  antennas  used  up  to  the  present 
time,  efficient  directive  radiation  has  not  been  practical.  It 
has,  however,  been  proved  by  various  tests  that  the  system 
of  a  central  power  source  and  a  distribution  system  of  energy 
to  a  large  number  of  multiple  radiators  places  at  our  disposal 
means  for  constructing  radiators  of  dimensions  of  one  wave 
length  or  more.  The  New  Brunswick  antenna  (1500  meters 
long)  has  a  minimum  wave  length  of  8000  meters  as  a  single 
antenna,  whereas  it  can  be  operated  as  a  multiple,  antenna  at 
2000  meters  wave  length.  A  detailed  analysis  of  the  possi- 
bilities of  multiple  radiation  would  fall  outside  the  scope  of 
this  paper  but  the  author  is  in  position  to  predict  with  confi- 
dence that  directive  radiation  on  a  large  scale  will  not  only 
prove  practical  but  that  it  will  be  the  most  efficient  method  of 
radiation. 

To  add  directive  radiation  to  the  proposed  program  for  in- 
creasing the  capacity  of  radio  traffic  would  perhaps  be  pre- 
mature until  it  has  been  demonstrated  on  a  large  scale.  How- 
ever, it  deserves  mention  in  order  to  show  that  new  principles 
which  may  be  utilized  for  still  greater  expansion  of  the  radio 
technique  have  not  yet  been  exhausted. 


Prsstnied  at  a  joint  meeting  of  the  American 
Institute  of  Electrical  Engineers,  and  the 
Institute  of  Radio  Engineers,  New  Yorh, 
October  1.  1919. 

Copyright  1919  by  A.  I.  E.  E. 


TELEPHONE  REPEATERS 


BY  BANCROFT  GHERARDI  AND  FRANK  B.  JEWETT 


Abstract  of  Paper 

In  this  paper  the  authors  have  endeavored  to  set  forth  briefly 
but  clearly  the  history  of  the  research  and  development  work 
which  has  led  up  to  the  final  production  of  successful  telephone 
repeaters.  The  various  forms  of  amplifiers  which  have  been 
su^ested  are  described  and  their  possibilities  and  limitations 
pointed  out.  The  essential  properties  of  repeater  networks 
tog:ether  with  the  necessary  line  conditions  for  successful  re- 
peater operation  are  described  and  illustrated.  Tandem 
operation  of  repeaters  is  discussed  as  is  also  the  use  of  repeaters 
in  four-wire  circuits.  Illustrations  are  given  showing  a  few  of 
the  more  important  repeater  installations  now  in  regular  com- 
mercial service  in  the  United  States. 

Introduction 

DURING  the  past  ten  years  developments  in  the  design 
and  construction  of  telephone  amplifiers,  or  telephone 
repeaters  as  they  are  more  universally  called,  and  in  the  art 
of  their  application  to  all  forms  of  telephone  circuits  have 
progressed  to  such  an  extent  as  to  justify  the  presentation  to  the 
American  Institute  of  Electrical  Engineers  of  a  comprehensive 
paper  which  shall  cover  not  only  the  earlier  efforts  but  the 
present  state  of  development. 

As  indicated  below,  the  idea  of  one  or  more  repeaters  inserted 
in  a  line  for  the  purpose  of  reinforcing  from  some  local  source 
of  energy  the  weakened  current  from  the  sending  station  is 
older  than  the  telephone  itself.  In  telephony  innxmierable 
attempts  by  a  large  nximber  of  investigators  have  gone  on 
continuously  almost  from  the  inception  of  the  telephone  in  an 
effort  to  extend  the  range  of  telephonic  speech  through  the 
utilization  of  energy  applied  to  the  telephone  line  at  a  point  or 
points  between  the  transmitting  and  receiving  stations.  While 
the  net  result  of  all  this  work  is,  of  course,  the  state  of  the  art 
as  we  now  have  it,  a  survey  of  the  earlier  developments  in  the 
light  of  present-day  knowledge  discloses  in  striking  fashion  the 
fact  that,  unknown  to  the  investigators,  the  early  attempts 
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were  destined  not  to  succeed  where  success  was  measured  by 
the  development  of  a  practical  device  which  would  give  satis- 
factory results  on  a  regular  two-way  telephone  circuit. 

We  know  now  that  the  final  successful  development  and 
application  of  the  telephone  repeater  had  to  wait  not  only  for 
the  slow  accumulation  of  comprehensive  knowledge  concerning 
all  the  factors  which  govern  the  successful  transmission  of 
speech  electrically  over  wires  and  of  the  intricate  relation  of 
circuits  and  apparatus  to  produce  desired .  results  with  the 
maze  of  frequencies  involved  in  speech,  but  also  on  develop- 
ments in  physical  science  which  were  in  themselves  quite 
foreign  to  the  sp^ific  realm  of  telephony.  For  these  reasons 
the  work  of  the  earlier  investigators,  ingenious  though  it  was, 
was  for  years  foredoomed  to  failure  by  factors  over  which  they 
had  no  control  and  of  which,  in  many  cases,  they  had  no 
knowledge  even.  In  the  light  of  what  we  now  know,  much  of 
this  early  work  appears  almost  impossibly  successful  and 
attests  to  the  ingenuity  and  resourcefulness  of  the  men  who 
conducted  it. 

Another  thing  which  the  final  successful  development  and 
extensive  application  of  the  telephone  repeater  indicates  with 
striking  clarity  is  the  fact  that  a  complete  solution  of  the 
problem  was  made  possible  only  by  the  existence  of  a  great 
unified  engineering  and  research  department,  such  as  that 
maintained  by  the  Bell  System.  The  elements  involved  and 
the  multiplicity  of  detail  to  be  worked  out  and  correlated  were 
far  beyond  the  limitations  of  any  single  individual  or  any 
limited  organization.  The  best  that  mathematics,  physics, 
chemistry,  engineering,  manufacturing  and  operation  could 
supply  were  needed  for  the  solution.  Further,  if  the  solution 
were  to  be  obtained  in  a  reasonable  time  it  was  essential  that 
the  efforts  of  the  experts  in  all  of  these  fields  must  be  directed 
in  a  cooperative  attack  on  the  main  problem.  With  the 
growth  of  fundamental  research  groups  of  highly  trained 
scientists  in  the  engineering  department  of  the  Bell  System  the 
means  for  attacking  the  elusive  repeater  problem  in  compre- 
hensive fashion  became  available  and  progress  toward  success 
became  certain  and  rapid.  The  loose  ends  of  discrete  and 
desultory  researches  were  gathered  in,  past  and  present  work 
scrutinized  and  the  attack  directed  from  a  foundation  of  cer- 
tain knowledge  not  theretofore  available. 

The  wonderful  success  which  has  attended  the  work  and 
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which  has  started  what  bids  fair  to  be  a  revolution  in  the  entire 
scheme  of  telephonic  transmission  should  be  a  source  of  grati- 
fication to  American  electrical  engineers,  to  whom  more  than 
to  any  others  have  been  due  the  other  wonderful  telephone 
developments  of  the  past. 

In  discussing  the  earlier  work  on  telephone  repeaters  and 
that  which  led  up  to  the  first  successful  device,  the 
authors  have  not  attempted  even  to  enumerate  the  large 
number  of  investigators,  much  less  to  allocate  credit  among 
them.  The  names  mentioned  are  those  of  the  men  who  stand 
out  most  conspicuously  and  the  fact  that  many  of  them  are 
employees  of  the  Bell  System  is  not  remarkable,  since  it  was  the 
largest  single  agency  consistently  at  work  on  all  problems  con- 
cerning telephone  development.  In  a  complex  art  which  has 
been  vigorously  worked  for  nearly  fifty  years,  it  is  inevitable 
that  great  numbers  of  patents  should  have  been  taken  out  on 
all  conceivable  kinds  of  devices  and  systems.  Many  of  these 
are  inherently  worthless,  while  others  contain  elements  of 
value,  although  not  in  themselves  disclosing  complete  workable 
arrangements.  While,  therefore,  no  single  invention  has  solved 
the  repeater  problem  in  its  entirety,  it  is  interesting  to  note  that 
all  of  the  inventions  which  make  possible  the  successful  tele- 
phone repeater  of  today  are  the  work  of  Americans. 

No  paper  dealing  with  the  development  and  successful 
application  of  telephone  repeaters  would  be  complete  without 
mention  of  the  fact  that  throughout  all  the  later  years,  during 
which  progress  has  been  certain  and  rapid,  the  principal  credit 
for  the  broad  engineering  and  commercial  results  obtained  is 
due  to  Colonel  J.  J.  Carty,  past  President  of  this  Institute  and 
for  many  years  Chief  Engineer  and  now  Vice  President  of  the 
American  Telephone  and  Telegraph  Company.  To  Colonel 
Carty  more  than  to  any  one  else  is  due  the  credit  of  having 
brought  about  that  coordination  of  all  of  the  elements  men- 
tioned above,  which  was  vital  to  the  ultimate  success  of  the 
undertaking. 

Historical 

The  foundation  of  the  art  of  telephony  by  Alexander  Graham 
Bell  followed  by  almost  fifty  years  that  institution  of  the  sister 
art  of  telegraphy  which  was  based  on  the  discoveries  of  Fara- 
day, Ampere,  Volta,  and  Henry.  It  was  inevitable,  therefore, 
that  efforts  to  extend  the  range  of  telephonic  communication 
should  be  influenced  by  earlier  and  successful  efforts  in  tel^ 


1290  GHERARDI  AND  JEWETT:  [Oct.  1 

graphic  communication.  As  telegraphic  operation  was 
attempted  between  more  widely  separated  stations  it  was  found 
that  the  attenuated  currents  were  insufficient  to  operate  the 
recording  mechanism.  To  obviate  this  limitation  Morse  intro- 
duced at  the  receiving  station  a  local  source  of  energy  which 
supplied  current  to  the  recording  mechanism  but  was  controlled 
by  the  received  signals  through  the  medium  of  an  electromag- 
netic relay. 

In  this  invention  was  the  principle  necessary  for  an  indefinite 
extension  of  the  possible  range  of  communication  since  the 
local  source  might  supply  current  to  another  stretch  of  line. 
It  is  a  curious  bit  of  history  that  this  application  was  not 
utilized  for  several  years  during  which  transmission  over  long 
distances  was  accomplished  by  manual  instead  of  automatic 
repetition  at  the  intermediate  stations. 

The  delay  in  this  natural  development  was  due  to  the  fact 
that  the  relay  of  Morse,  although  it  was  a  repeater,  was  a 
one-way  device  since  it  was  actuated  only  by  currents  arriving 
from  one  of  the  two  telegraph  stations  on  either  side  of  it.  It 
required  the  use  of  two  such  repeater  elements  and  of  a  circuit 
arrangement  to  convert  a  one-way  into  a  two-way  repeater 
station.  Of  these  circuit  arrangements  one  of  the  earliest  was 
that  of  Varley.  During  the  next  few  years  duplex  repeaters 
received  considerable  attention  from  inventors.  The  differen- 
tiation, however,  which  seems  so  obvious  to  us  today,  between 
the  repeater  element  and  the  circuit  arrangement  by  which 
such  elements  may  operate  duplex,  was  infrequently  if  ever 
emphasized. 

In  the  extension  of  the  range  of  telephony  by  the  use  of 
repeaters  the  duplex  feature  was  even  more  essential  than  in 
telegraphy.  The  problem  was  complicated  not  only  by  the 
inherited  confusion  between  element  and  circuit  but  also  by 
the  greater  importance  of  the  third  factor  in  such  operation, 
namely,  the  lines  on  either  side  of  the  repeating  station. 

The  necessity  for  distinguishing  between  these  three  factors 
of  repeating  element,  repeater  circuit,  and  lines  was  early 
recognized  by  the  engineers  of  the  Bell  System.  The  exact 
and  quantitative  relationships  between  them  have  been  ade- 
quately expressed  for  about  a  decade.  In  our  discussion  of  the 
matter  in  hand  we  shall  follow,  therefore,  the  logical  order 
which  results  from  this  differentiation  and  treat  these  factors 
separately  in  the  above  order.    Before  undertaking  their  more 
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detailed  exposition  it  may  be  well  to  vivify  their  individuality 
by  the  consideration  of  the  concrete  case  illustrated  in  Figs. 
1  to  5  inclusive. 

A  principle,  which  is  familiarly  known  by  its  direct-current 
application  in  the  Wheatstone  bridge,  has  proved  most  fertile 
in  the  formation  of  duplex  circuits.    Thus  in  Fig.  1  we  have  an 
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early  method  of  duplex  telegraphy,  which  is  obviously  reducible 
to  the  simple  bridge  circuit  of  Fig.  2.  If  a  and  6  are  equal  then, 
provided  also  R  is  equal  to  X,  the  battery  B  will  cause  no  dif- 
ference of  potential  between  m  and  n  and  hence  no  current 
through  the  galvanometer  in  the  case  of  Fig.  2  and  no  resultant 
magnetism Jn  the  sounder  of  Fig.  1. 
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The  same  principle  is  applicable  to  the  duplex  operation  of 
a  telephone  line  as  is  seen  in  Fig.  3,  where  the  sounder  and  the 
key  of  Fig.  1  are  replaced  respectively,  by  a  receiver  and  a  trans- 
mitter. If  the  resistance  R  is  not  equal  to  X,  the  impedance 
of  the  telephone  line,  then,  the  duplex  set  is  not  en 
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^'anti-side  tone"  dnce  the  operation  of  the  transmitter  causes 
some  current  in  the  receiver.  The  amount  of  current  through 
the  receiver  and  hence  the  motion  of  its  diaphragm  depends 
both  upon  the  current  from  the  transmitter  and  upon  the 
amount  of  imbalance  in  the  bridge  which  is  occasioned  by  the 
inequality  of  R  and  X. 

If  we  dispose  the  transmitter  and  the  receiver  as  in  Fig.  4, 
allowing  any  soimd  from  the  latter  to  actuate  the  transmitter, 
then  we  may  obtain  what  is  termed  a  "howling  set".  The 
mere  jarring  of  the  carbon  button  due  to  bringing  the  instru- 
ments  into  juxtaposition  will  result  in  a  current  from  the  trans- 
mitter and  hence,  if  R  and  X  are  not  equal,  in  some  current  in 
the  receiver.  The  consequent  motion  of  the  receiver  diaphragm 
causes  a  new  disturbance  of  the  carbon  of  the  transmitter  and 
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this  in  turn  causes  a  new  impulse  of  current  through  the 
receiver  itself.  If  the  combination  of  receiver  and  transmitter 
is  sufficiently  sensitive  this  sequence  of  events  may  perpetuate 
itself  and  result  in  a  steady  tone,  the  frequency  of  which  is 
determined  by  the  electrical  and  mechanical  characteristics  of 
the  system.  The  energy  for  such  steady  vibrations  of  the 
diaphragm  is,  of  course,  obtained  from  the  battery  associated 
with  the  transmitter.  (For  purposes  of  simplicity  the  battery 
is  not  shown  in  Figs.  3  and  4.  It  may  be  either  a  battery 
associated  locally  with  the  transmitter  or  one  at  the  distant 
central  office.) 

From  this  illustration  of  the  "howling  set"  the  importance 
of  line  balance  may  be  seen,  for  the  combination  of  receiver  and 
transmitter  constitutes  a  repeater  element.  The  element  may 
more  conveniently  be  symbolized  as  in  Fig.  5  where  the  re- 
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sistance,  R  of  Fig.  4,  has  been  replaced  by  a  telephone  line. 
In  this  last  form  of  the  bridge  we  may  recognize  the  three  factors 
mentioned  above.  The  repeating  element  has  input  terminals 
1 ,  2  and  output  terminals  S,  4.  It  is  associated  with  the  lines 
on  either  side  by  the  bridge  circuit  mnqq  in  such  a  manner 
as  to  repeat  telephone  conversations  in  either  direction.  Thus 
voice  currents  originating  at  a  station  on  the  east  line  are  im- 
pressed on  the  terminals  1,  2  of  the  element  through  the 
action  of  the  transformer.  The  resulting  output  from  ter- 
minals 3,  4  is  then  transmitted  equally  to  the  east,  where  it 
is  received  as  side  tone  by  ^he  speaker,  and  to  the  west,  where 
it  is  usefully  received  by  the  distant  auditor.  Further  details 
of  this  operation  will  be  considered  later.  We  may,  however, 
note  that  if  the  unbalance  between  the  lines  east  and  west 
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exceeds  a  certain  magnitude,  which  depends  upon  the  sensi- 
tiveness of  the  element,  then  the  operation  is  that  of  the 
howling  set.  Under  these  conditions  the  repeater  is  said  to 
"sing,"  for  it  will  transmit  in  both  directions  a  strong  steady 
tone  which  renders  telephonic  communication  impossible. 

The  difficulty  introduced  by  this  possibility  of  singing  was 
not  serious  in  the  early  days  of  the  development  of  telephone 
repeaters  and  only  became  so  with  the  invention  of  more 
sensitive  elements.  In  fact  in  the  very  early  days  the  difficulty 
was  to  obtain  an  element  of  sufficient  sensitiveness.  What 
sort  of  conditions  must  be  met  may  be  illustrated  by  the  fact 
that  the  current  at  the  transmitting  terminal  of  a  long  line 
is  only  a  matter  of  2  or  3  milliamperes.  In  transmission 
over  the  line  the  current  is  constantly  attenuated  so  that  at  the 
receiving  terminal  it  may  be  only  3  or  4  hundredths  of  its  ori- 
ginal magnitude.    Such  small  currents  required  greater 
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cision  ofCdesign  than  was  appreciated  by  many  of  the  early 
inventors,  although  as  early  as  1888  one  of  the  Bell  engineers, 
E.  H.  Lyons,  had  constructed  a  repeater  which  would  amplify 
such  small  currents. 

The  Repeater  Element 

Before  considering  further  these  early  designs  we  may  well 
list  the  operating  requirements  for  a  successful  repeater  element. 
In  so  doing  we  shall  not  be  concerned  with  the  physical  prin- 
ciples upon  which  the  device  operates.  To  all  present  intents 
and  purposes  we  are  concerned  only  with  pairs  of  terminals 
1,  2  and  3,  4  of  an  enclosed  and  unknown  electrical  network 
as  illustrated  in  Fig.  6.  If  we  subject  such  a  hidden  element 
to  electrical  measurement  with  alternating  current  we  may 
obtain,  for  each  frequency  which  we  use,  several  characteristic 
ratios.  Thus,  from  the  ratio  of  the  voltage  impressed  upon 
terminals  1,  2  to  the  resulting  current  we  obtain  the  impedance 
of  that  circuit  and  similarly  for  the  circuit  of  terminals  5,  i. 
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We  obtain  also  a  mutual  impedance  by  taking  the  ratio  of  the 
voltage  produced  in  the  circuit  3,  U  to  the  current  in  the 
circuit  1,  2.  Similarly,  there  may  be  measured  the  mutual 
impedance  in  the  opposite  direction.  In  case  one  only  of  the 
mutual  impedances  is  zero,  that  is,  that  no  voltage  is  produced 
on  one  side  when  a  current  is  flowing  in  the  other,  we  speak  of 
the  device  as  having  a  "unilateral  mutual  impedance."  Of 
the  repeaters  which  we  have  found  best  adapted  to  telephony 
all  are  of  this  unilateral  type.  The  requirements  which  must 
be  met  are  identical  whether  the  device  is  bilateral  or  unilateral 
but  they  may  be  more  conveniently  stated  in  terms  of  the 
unilateral  type,  of  which  the  receiver-transmitter  (or  me- 
chanical form)  shown  in  Figs.  4  and  5  is  a  simple  illustration. 
These  requirements  are: 

1.  The  unilateral  mutual  impedance  must  be  independent  of 
the  amplitude  of  the  impressed  current,  within  the  range  re- 
quired for  telephone  transmission.  In  other  words,  there  must 
be  a  linear  relation  between  the  output  voltage  and  the  input 
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current  of  the  repeater,  in  which  case  the  output  is  directly 
proportional  to  the  input.  If  this  condition  is  not  met  there 
will  appear  in  the  output  one  or  more  harmonics  of  the  im- 
pressed alternating  voltage. 

la.  The  input  and  output  impedances  of  the  element  must 
be  similarly  independent  of  the  impressed  voltage  or  else  dis- 
tortion will  occur. 

2.  The  unilateral  mutual  impedance  must  be  independent 
of  the  frequency  of  the  impressed  voltage  within  the  range 
required  for  the  transmission  of  the  human  voice.  If  this 
condition  is  not  met  the  various  overtones  in  such  a  complex 
sinusoidal  current  as  is  initiated  by  a  voice  will  not  be  faithfully 
reproduced  in  their  proper  proportions. 

2a.  The  input  impedance  of  the  element  should  be  inde- 
pendent of  the  frequency  of  the  impressed  voltage  or  else  It 
should  be  the  same  function  of  the  frequency  as  is  the  impedance 
of  the  telephone  line  to  which  it  is  to  be  connected.  If  this 
condition  is  not  met  a  distortion,  destructive  of  good  quality, 
may  be  introduced.  In  this  case  the  voltage  actuating  the 
repeater  is  not  that  which  the  telephone  line  would  impress 
upon  another  similar  line  but  is  greater  or  less  by  a  factor 
which  depends  upon  the  frequency.  It  is  not  sufficient  that 
the  element  repeat  accurately  its  input  but  it  is  also  requisite 
that  its  input  circuit  receive  from  the  telephone  line  without 
distortion. 

2b.  The  output  impedance  of  the  element  should  be  simi- 
larly independent  of  the  frequency  or  else  properly  related  to 
the  impedance  of  a  telephone  line  so  that  the  line  may  receive 
without  distortion  the  output  of  the  repeater. 

3.  The  element  must  give  amplification;  that  is,  ignoring 
the  energy  sources  which  may  be  associated  with  or  be  parts  of 
the  element,  the  efficiency  as  measured  by  the  ratio  of  output 
and  input  energies  of  telephone  currents  must  be  greater  than 
unity.  For  example  in  the  case  of  the  mechanical  element, 
which  was  pictured  above,  the  energy  is  supplied  by  the  battery 
associated  with  the  carbon  button.  We  are  concerned  at 
present  only  with  its  efficiency  for  transferring  telephone  varia- 
tions from  terminals  1,2  to  terminals  3,  i.  How  much  greater 
than  100  per  cent  this  efficiency  must  be  will  depend,  obviously, 
upon  costs  and  other  engineering  factors.  A  repeating  element 
adaptable  to  our  telephone  plant  may  well  be  expected  to  give 
an  energy  amplification  such  that  telephone  currents,  which 
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have  been  attenuated  by  about  twenty  miles  of  standard  cable, 
will  be  restored  to  their  original  values  by  its  action.  In  tele- 
phone parlance  "the  element  should  give  a  gain  of  about 
twenty  miles."  Since  by  transmission  through  twenty  miles 
of  standard  cable  both  the  current  and  voltage  would  be 
attenuated  to  about  one-eighth,  the  energy  delivered  to  the 
repeater  circuit  would  be  only  one  sixty-fourth  of  the  original 
energy.  Of  this  only  one-half  reaches  the  receiving  element 
for  the  rest  is  dissipated  in  the  bridge.  Hence  there  must  be 
supplied  to  the  line  on  the  output  side  of  the  repeater  circuit 
128  times  as  much  energy  as  is  received.  A  glance  at  the 
circuit  of  Fig.  5  shows,  however,  that  the  output  of  the 
repeater  itself  is  equally  supplied  to  the  outgoing  and  the  in- 
coming lines.  The  element  must  be  capable,  therefore,  of 
supplying  256  times  as  much  energy  as  it  receives.  In  other 
words,  the  element  should  have  a  telephone  efficiency  of  about 
twenty-six  thousand  per  cent. 

4.  The  sources  of  energy  associated  with  the  element,  and 
by  virtue  of  which  amplification  is  possible,  must  have  voltages 
which  may  safely  and  conveniently  be  utilized  in  the  telephone 
plant.  For  example,  a  repeater  whose  source  of  energy  had  a 
voltage  of  greater  than  250  would  be  unsatisfactory  in  a  plant 
which  normally  employs  voltages  not  greatly  exceeding  100. 

5.  The  element  must  be  either  insensitive  to  external  elec- 
trical disturbances  or  easily  shielded  from  them  so  that  cross- 
talk from  neighboring  telephone  circuits  or  apparatus  may  not 
actuate  it. 

5a.  Conversely,  the  element  must  not  be  such  as  to  cross- 
talk into  adjacent  circuits  or  apparatus. 

6.  The  element  must  be  constant  in  behavior,  reliable  and 
of  fair  life,  and  not  such  as  to  require  frequent  attention  or 
laboratory  conditions  of  operation.  In  other  words  the  ele- 
ment must  meet  the  conditions  as  to  reliability  of  service  which 
apply  to  other  portions  of  the  telephone  plant. 

7.  In  size,  first  cost,  cost  of  energy  and  of  maintenance, 
the  element  must  conform  to  the  economic  conditions  of  an 
established  plant. 

Recognition  of  these  conditions  has  guided  our  search  for 
new  elements  during  the  past  fruitful  decade.  Even  before 
that  time  these  requirements  were  recognized  although  they 
were  not  completely  formulated.  It  is  surprising  how  many 
independent  inventors  approached  us  during  this  time  with 


19191  TELEPHONE  REPEATERS  1297 

devices  formed  by  coils  and  magnets  but  involving  no  source 
of  energy,  or  at  least  utilizing  none,  and  hence  patently  incap- 
able of  producing  amplification.  Inherently  such  devices 
were  static  transformers,  on  the  low  voltage  side  of  which  there 
might  be  a  greater  current  but  obviously  not  a  greater  power 
than  there  was  expended  as  input  on  the  high  voltage  side. 
In  some  instances  such  devices  were  said  to  be  intended  for 
frequent  use  along  a  telephone  line  at  fairly  regular  intervals. 
Such  effect  in  improving  telephone  transmission  as  they  might 
have  would  then  be  explainable  by  their  function  as  inductances 
in  the  line;  in  other  words,  by  the  loading  of  the  line.  They 
thus  offered  imperfect  substitutes  for  Dr.  Pupin's  method  of 
loading. 

Most  of  the  earlier  attempts  at  the  design  of  telephone 
repeaters  followed  the  recognized  lines  of  telegraph  practise  or 
of  electrical  power  engineering.  The  life  of  the  telephone, 
however,  has  been  almost  contemporaneous  with  that  of  the 
newer  physics  which  deals  with  discharges  through  rarefied  gases 
and  which  has  led  to  the  discovery  of  the  electron  and  of  steady 
electron  streams  in  vacua.  General  knowledge  of  the  elec- 
tronic structure  of  matter  has  grown  by  leaps  and  bounds  in 
the  last  few  years  and  coincident  with  this  growth  has  been  our 
practical  development  pf  electronic  repeaters. 

For  purposes  of  classification,  therefore,  we  may  divide 
repeating  elements  into  three  groups  depending  upon  whether 
their  moving  parts  consist  of  (a)  molecular  ions,  (b)  electrons, 
or  (c)  molecular  aggregates,  that  is,  ponderable  matter  in  the 
ordinary  sense.  The  first  group  we  might  call  "gaseous",  the 
second  "electronic,"  and  the  third,  "electrodynamic."  We 
may  also  classify  according  to  the  means  by  which  the  moving 
parts  are  actuated,  as  (a)  electromagnetic  if  the  operation  is 
dependent  upon  a  magnetic  field  which  is  altered  by  the  re- 
ceived current,  and  (b)  electrostatic  if  operation  is  dependent 
upon  an  electrical  field  which  is  established  or  altered  by  the 
received  current. 

Electrostatic  devices  involving  moving  members  of  mechani- 
cal size  are  too  insensitive  to  serve  as  telephone  repeaters.  In 
the  case  of  gaseous  or  electronic  devices  such  a  method  of 
control  is,  however,  entirely  practicable  and,  indeed,  for  elec- 
tronic systems  marvelously  effective.  Our  system  of  classifi- 
cation may,  therefore,  be  simplified  by  the  omission  of  one 
class  of  mechanical  devices.     It  must,  on  the  other  hand,  be 
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further  complicated  by  the  introduction  under  gaseous  re- 
peaters of  a  type  of  device  which  has  no  cognate  in  the  other 
two  classes.  Such  devices  are  conductors  which  depend  upon 
the  passage  of  current  through  themselves  to  alter  their  own 
characteristics.  Something  of  this  behavior  is  familar  to  all 
engineers  who  have  worked  with  carbon  arcs  and  remember 
their  instability.  For  our  purpose  we  may  designate  this  type 
of  repeater  as  a  "negative  resistance  device"  and  postpone  the 
justification  of  the  terminology  to  later  discussion. 

The  classification  of  repeater  elements  in  the  order  in  which 
they  will  be  discussed  is,  then,  as  follows: 
I.    Electrodynamic  repeaters 

A.  Receiver  transmitter  t3npe 

B.  Generator  type 

1.  Direct-current  generator 

2.  Alternating-current  generator 

3.  Asynchronous  generator 
II.    Electronic  Repeaters 

A.  Electrostatic 

B.  Electromagnetic 
III.    Gaseous  Repeaters 

A.  Electrostatic 

B.  Electromagnetic 

C.  Negative  Resistance 

I-A.  The  form  of  telephone  repeater  which  most  naturally 
suggested  itself  to  the  early  engineers  is  the  combination  of  a 
receiver  and  a  microphone  essentially  in  the  manner  depicted 
in  connection  with  our  earlier  discussion  of  the  problem  pre- 
sented to  telephone  engineers  by  the  necessity  of  increasing 
the  range  of  telephonic  communication.  In  the  early  years 
of  telephony  no  other  means  seemed  available  and  prior  to 
1903  many  unsuccessful  attempts  were  made  along  this  line. 
The  parent  Bell  organization  devoted  the  efforts  of  a  large 
number  of  its  best  men  to  this  problem,  which  was  also  a 
favorite  with  inventors  outside  of  its  organization.  In  the 
minds  of  the  general  scientific  world  further  interest  had  been 
stimulated  by  the  reported  offer  of  a  capitalist  to  pay  one 
million  dollars  for  a  successful  invention. 

The  solution  was  finally  reached  by  one  of  the  Bell  engineers, 
H.  E.  Shreeve,  who  was  assigned  to  the  problem  in  1903  after 
an  earlier  experience  in  the  design  of  microphones  and  other 
telephone  devices.    Previous  inventors  had  combined  receivers 
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and  transmitters  without  recognizing  that  the  normal  functions 
of  their  diaphragms  were  those  of  sound  collecting  or  emitting 
members  and  Shreeve  omitted  these  unnecessary  features. 

Another  difficulty  in  earlier  designs  had  been  the  "packing" 
of  the  carbon  of  the  microphone  and  one  of  his  first  studies 
had  to  do  with  its  cause  and  elimination.  He  found  it  to  be 
due  to  expansion  which  was  occasioned  by  the  heat  liberated  in 
the  carbon  chamber.  In  his  first  successful  laboratory  model 
a  stretched  steel  strip  was  used  as  a  connecting  link  between 
the  receiver  and  the  microphone  and  the  microphone  was 
designed  so  that  the  expansion  of  its  parts  under  the  influence 
of  heat  did  not  subject  the  granular  carbon  between  the  elec- 
trodes to  increased  pressure. 


With  this  form  was  obtained  our  first  successful  test  of 
repeater  operation  over  a  telephone  line.  The  device  was 
tried  in  1904  on  a  circuit  between  Amesbury,  Massachusetts, 
and  Boston  and  resulted  in  a  greater  intelligibility  in  the 
transmission  of  long  lists  of  unrelated  words  than  could  be 
obtained  over  the  circuit  without  the  repeater. 

The  next  step  was  to  obtain  more  perfect  quality  reproduc- 
tion and  this  was  secured  by  making  lighter  moving  parts  and 
increasing  the  natural  frequency  of  the  moving  system.  The 
next  model,  shown  in  Fig.  7,  was  commercially  operated  on  a 
circuit  between  New  York  and  Chicago,  from  August  1904  to 
February,  1905.  In  this  model  the  packing  of  the  trans- 
mitter  element  was  obviated  by  the  thermostatic  action  of 
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the  vibrating  disk,  and  the  natural  period  of  the  moving  parts 
was  such  as  to  emphasize  the  important  frequencies  of  the 
voice.  The  element  was  associated  with  the  line  by  a  simple 
bridge  circuit  which  had  been  patented  by  Edison  in  1883. 
The  transmission  between  New  York  and  Chicago  was  found 
to  be  greatly  improved. 
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In  this  installation  an  additional  feature  was  incorporated 
to  prevent  amplification  of  the  so-called  "Morse  thump," 
which  occurs  when  a  repeatered  line  is  composited  and  carries 
superimposed  telegraph  signals.  A  repeating  coil  of  low 
mutual  inductance  was  inserted  between  the  line  and  the 
receiving  element.  This  coil  was  inefficient  for  currents  of 
low  frequency  but  was  relatively  efficient  for  those  of  voice 
frequency. 
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In  spite  of  the  success  which  was  obtained  with  this  first 
repeater  installation,  the  problem  was  far  from  being  aolved. 
In  fact,  when  an  attempt  was  made  to  reproduce  the  model,  it 
was  found  extremely  difficult  to  obtain  vibrating  electrodes, 
which  had  the  necessary  thermostatic  action  in  addition  to 
other  necessary  characteristics.  An  attempt  was,  thra^fore, 
made  to  regulate  the  sensitiveness  of  the  microphone  by  more 
positive  means  and  the  next  model  Fig  8  had  the  feature  of  a 
thermostat  in  the  form  of  a  zinc  stnp     This  zinc  strip  was 


heated  by  a  coil,  which  was  in  series  with  the  microphone,  and 
whenever  the  current  through  the  microphone  increased  as  the 
result  of  incipient  packing  it  served  to  withdraw  the  rear 
electrode. 

This  repeater,  known  as  No.  I-A,  was  reasonably  satisfactory 
in  service  until  the  requirements  became  more  exacting,  par- 
ticularly in  the  matter  of  tandem  operation  with  the  attendant 
requirements  of  improved  quality  reproduction.  An  intensive 
study  was  therefore  undertaken,  with  the  result  that  the  natural 
frequency  of  the  vibrating  system  was  raised  still  higher,  the 
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weight  of  the  moving  parts  was  still  further  reduced  and  a  still 
more  sensitive  form  of  regulator  adopted. 

Without  going  into  two  much  detail  in  regard  to  intermediate 
steps  which  were  made  between  the  1-A  repeater  and  the  so- 
called  3-A  t3npe,  which  is  the  present  standard  for  instru- 
ments of  this  type,  it  will  be  sufficient  to  describe  the  features 
of  this  latest  model  and  to  point  out  the  inherent  limitations 
of  this  class  of  repeater. 

The  3-A  repeater,  Pig.  9,  is  of  the  so-called  "cartridge" 
t3npe  and  consists  of  two  main  parts,  the  cartridge  and  the 
socket.  The  cartridge  contains  all  of  the  working  parts  which 
are  liable  to  become  defective  in  service  and  may  readily  be 
removed  from  circuit  for  the  purpose  of  replacement.  It  is 
held  in  place  in  the  socket  by  a  bayonet  catch,  and  electrical 
connections  are  made  to  its  contact  posts  by  springs  in  the  socket. 
The  regulating  means  which  ser\'^e  to  maintain  the  sensitive- 
ness of  the  microphone  between  extremely  narrow  limits 
consists  of  an  electro-magnet  with  differential  windings.  The 
initial  magnetic  field  of  the  receiving  element  is  the  resultant 
field  produced  by  a  winding  in  series  with  the  microphone  and 
an  opposing  winding  in  shunt  with  the  microphone.  If  the 
steady  resistance  of  the  microphone  increases,  the  series  wind- 
ing takes  less  current  and  the  shunt  winding  more,  or  vice 
versa.  These  magnetic  changes  alter  the  pull  on  the  flexible 
disk  electrode  and  thus  serve  to  regulate  the  pressure  on  the 
granular  carbon. 

An  inherent  defect  in  this  type  of  instrument  is  the  fact 
that  the  sensitiveness  falls  off  rapidly  when  the  input  energy 
is  below  a  certain  minimum.  At  the  present  time  no  com- 
pletely satisfactory  explanation  for  this  phenomenon  has  been 
advanced.  A  defect  of  this  character  is  obviously  serious  in 
the  operating  plant  where  circuit  conditions  and  volumes  of 
energy  at  any  given  point  in  a  circuit  fluctuate  widely  from  time 
to  time.  Thus  at  one  moment  the  repeater  in  a  given  circuit 
may  be  handling  the  energy  from  two  persons  speaking  loudly, 
using  telephones  very  near  the  terminals  of  the  circuit,  while 
at  the  next  moment  it  may  be  called  upon  to  function  with 
the  energy  which  it  receives  from  telephones  connected  to  long 
circuits,  which  in  turn  connect  to  the  circuit  with  which  it  is 
associated.  If  the  persons  using  the  telephones  in  this  latter 
case  have  weak  voices,  if  they  do  not  use  the  telephones  prop- 
erly by  talking  directly  into  the  transmitter,  or  if  the  apparatus 
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or  lines  themselves  are  inefficient,  it  is  clear  that  the  energy 
at  the  repeater  terminals  may  be  many  times  less  than  that  in 
the  previous  case.  Further  under  those  conditions  maximum 
amplification  is  the  more  to  be  desired  so  that  a  repeater 
element  whose  performance  fluctuates  with  the  amount  of 
energy  which  it  receives  and  particularly  one  whose  perfor- 
mance is  worse  when  operating  with  the  smallest  energy  is 
subject  to  a  handicap  when  it  comes  to  applying  it  generally 
in  the  telephone  plant. 

The  Shreeve  type  of  mechanical  repeater  is  nevertheless 
distinctly  serviceable  and  many  units  are  in  commercial 
service.  The  amplication  is  not,  however,  sufficiently  inde- 
pendent either  of  the  amplitude  or  of  the  frequency  of  the  input 
to  make  them  adaptable  with  best  results  to  use  in  tandem, 
although  they  have  been  used  to  advantage  on  telephone  lines 
the  length  of  which  did  not  require  more  than  three  repeater 
stations. 

I-B.  The  application  of  the  principles  involved  in  direct- 
and  alternating-current  generators  to  the  solution  of  the 
telephone  repeater  problem  received  the  attention  of  some  of 
the  best  minds  in  the  art  during  the  decade  following  1900. 
During  this  time  the  problem  was  attacked  both  theoretically 
and  in  experimental  design  by  H.  S.  Warren,  M.  I.  Pupin,  and 
others.  The  practise  of  power  engineers  suggested  two 
typical  methods. 

(1)  A  generator  of  which  the  armature  should  constitute 
the  output  circuit  of  the  element  and  the  field  winding  the 
input  circuit.  Variations  in  the  field  current  will  result  in 
corresponding  variations  of  the  armature  voltage  of  such  a 
machine.  In  order,  however,  that  there  should  not  be  present 
in  the  armature  voltage  variations  due  to  commutation,  which 
would  result  in  extraneous  noise  in  the  telephone,  it  is  neces- 
sary that  such  a  machine  have  a  high  frequency  of  commu- 
tation. If  this  frequency  is  well  above  that  of  the  highest 
frequency  which  is  essential  to  the  faithful  reproduction  of 
the  human  voice,  the  noise  currents  due  to  commutation  may 
be  choked  out  by  inductance  or  filtered  out  by  a  periodic 
structure  like  an  artificial  loaded  line.  When  it  is  said  that 
frequencies  of  2500  cycles  per  second  are  required  for  good 
quality  of  telephone  speech  it  is  evident  that  for  any  practical 
design  of  armature  and  commutation  the  peripheral  speed 
must  approach  the  allowable  mechanical  limit. 
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Various  unipolar  designs  were  therefore  considered  in  which 
no  commutation  is  required.  The  principle  involved  may  be 
seen  by  considering  Fig.  10  which  shows  a  form  suggested  in 
1905  by  G.  A.  Campbell.  The  field  coil  M  is  solenoidal  and 
carries  fixed  disks,  w\  which  serve  both  as  a  magnetic  core  and 
as  collectors  for  the  radial  e.  m.  f's.  induced  in  similar  disks, 
w,  attached  to  the  rotating  shaft.  In  machines  of  this  charac- 
ter where  the  field  current  is  only  of  telephonic  magnitude  the 
flux  is  very  small  and  the  e.  m.  f.  which  may  be  obtained  at 
any  mechanically  allowable  speed  of  rotation  is  much  below 
that  requisite  for  a  successful  telephone  repeater.  In  addition 
the  eddy  current  and  hysteresis  losses  are  relatively  high  be- 
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FIG  10 


cause  of  the  frequencies  involved  and  the  efficiency  is  cor- 
respondingly low.  The  input  impedance,  being  that  of  an 
electromagnet,  is  not  independent  of  the  frequency,  as  is 
desired,  but  instead  is  such  as  to  discriminate  against  the  higher 
frequencies  of  the  voice  wave. 

Even  if  it  were  possible  to  build  and  operate  such  high-speed 
generators  as  repeaters  of  feeble  currents,  the  type  is  deficient 
in  so  many  of  the  characteristics  required  of  a  successful  com- 
mercial repeater  that  the  extent  of  its  use  is  questionable.  Now 
that  simpler  and  practically  perfect  repeaters  are  available, 
it  is  doubtful  whether  the  limits  of  physical  possibility  in  this 
type  of  apparatus  will  ever  be  worked  out. 

(2)    The  practical  difficulties  of  eddy  current  and  hysteresis 
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losses,  of  limiting  speeds  and  of  small  input,  were  also  effective 

in  preventing  the  development  of  a  successful  repeater  along 
the  lines  previously  followed  in  the  power  engineering  of  al- 
ternating currents. 

(3)  In  1900,  Joseph  Lyons  disclosed  to  us  his  invention,  a 
telephone  repeater  upon  the  principle  developed  and  patented 
in  power  engineering  by  Rutin  and  Leblanc.  The  principle 
is  perhaps  better  known  as  that  of  the  asynchronous  generator, 
which  is  an  induction  motor  driven  above  sjmchronism  by  a 
local  source  of  mechanical  energy.  The  conditions  under 
which  such  a  device  may  serve  to  supply  energy  to  a  trans- 
mission line,  across  which  it  is  connected,  are  well  known  to 
electrical  engineers.     It  was  Lyons'  idea  that  the  stator  should 
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be  bridged  across  a  telephone  line  and,  through  the  interaction 
of  the  received  current  with  that  induced  in  the  short-cir- 
cuited rotor,  should  supply  to  the  line  additional  energy  of  the 
same  wave  form  as  it  received.  Schematically  the  circuit 
is  as  shown  in  Fig.  11.  • 

In  order,  however,  to  supply  energy  at  any  telephone  fre- 
quency the  speed  of  the  rotor  must  be  at  least  as  large  as  the 
quotient  of  the  given  frequency  and  the  number  of  pairs  of 
poles  in  the  stator.  Thus  in  the  case  of  a  12-pole  stator  a 
frequency  of  2400  cycles  per  second  would  require  a  speed  of 
400  revolutions  per  second.  Not  only  are  the  speed  require- 
ments too  high  for  practical  operation  but  the  machine  would 
also  fail  to  meet  the  second  requirement  for  a  repeater.  The 
amplification  for  each  frequency  would   depend   upon   the 


> ! 


1306  GHBRARDI  AND  JEWETT:  [Oct.  1 

negative  slip  at  that  frequency  and  thus  the  lower  frequencies 
of  the  voice  current  would  receive  more  amplification  than 
the  higher  ones.  It  was  at  one  time  suggested  by  Dr.  Pupin 
that  such  distortion  might  be  avoided  by  using  several  such 
asjmchronous  generators  connected  at  different  points  of  the 
line  and  each  designed  to  amplify  but  a  band  of  frequencies. 
Even  had  it  been  found  possible  to  devise  efficient  machines  to 
amplify  the  different  groups  of  frequencies,  it  is  doubtful  if 
the  arrangement  would  ever  have  proven  satisfactory  in  an 
operating  telephone  plant,  since  at  no  point  along  the  line 
between  the  first  and  last  generator  would  the  current  have 
represented  normal  speech.  This  characteristic  of  the  system 
would,  of  course,  be  a  serious  handicap  to  proper  operation, 
since  it  would  be  almost  impossible  to  tell  whether  the  line 
were  in  trouble  or  not. 

That  the  mechanical  limitations  of  speed,  clearance,  thickness 
of  lamination,  and  the  other  factors  familiar  to  designers  of 
dynamo  equipment  should  have  prevented  the  development 
of  such  a  generator  is  understandable  when  the  telephone  re- 
quirements are  stated  in  terms  of  power  engineering.  What 
was  required  was  a  generator  which  could  operate  on  about 
one-half  of  a  milliampere  of  field  current.  To  give  an  energy 
amplification  of  256  times,  its  field  losses  must  be  less  than  one 
per  cent  of  the  output.  The  value  of  one-half  of  a  milliampere 
is  the  effective  value  of  a  complex  wave  form,  all  the  sinusoidal 
components  of  which  must  appear  in  the  output  with  equal 
amplification. 

II.  Electronic  repeaters  are  those  in  which  the  moving 
parts  are  discrete  electrons  whose  motions  are  unimpeded  by 
molecular  matter.  Such  devices,  therefore,  require  a  vacuum 
sufficiently  high  that  the  motions  may  be  characteristic  of 
free  electrons.  There  must  also  be  a  means  of  supplying  free 
electrons,  that  is  of  dislodgirlg  them  from  molecular  matter 
of  which  they  form  constituents.  The  satisfactory  method  of 
accomplishing  this  is  to  "boil  them  out"  of  a  piece  of  metal 
or  metal  oxide.  Our  present  electronic  repeaters  are  therefore 
"thermionic"  devices. 

The  history  of  thermionics  may  be  said  to  date  from  the 
publication  in  1902-1903  of  papers  by  0.  W.  Richardson 
in  which  he  advanced  a  theory  of  the  thermionic  emission  of 
electrons,  which  in  all  its  essentials  was  accepted  by  the  great 
majority  of  the  scientific  world  and  may  now  be  regarded  as 
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definitely  established.  According  to  this  theory  (which  is  also 
a  theory  of  metallic  conduction)  metals  and  conductors  of 
electricity  contain  within  their  bounding  surfaces  immense 
numbers  of  free  electrons  which  behave  like  the  molecules  of 
a  perfect  gas.  When  a  metal  is  heated  the  kinetic  energy  of 
the  electrons  is  increased  and  the  number  escaping  across  the 
boundary  surfaces  is  likewise  increased. 

J.  J.  Thompson  outlined  the  theory  in  his  treatise  on  con- 
duction of  electricity  through  gases  as  follows: 

"The  emission  of  corpuscles  from  incandescent  metals  and 
carbon  is  readily  explained  by  the  view — for  which  we  find 
confirmation  in  many  other  phenomena — that  corpuscles  are 
disseminated  through  metals  and  carbon  not  merely  when  these 
are  incandescent,  but  at  all  temperatures,  the  corpuscles  being 
so  small  are  able  to  move  freely  through  the  metal  and  they 
may  thus  be  supposed  to  behave  like  a  perfect  gas  contained 
in  a  volume  equal  to  that  of  the  metal.  The  corpuscles  are 
attracted  by  the  metal  so  that  to  enable  them  to  escape  into 
the  space  surrounding  it  they  must  have  sufficient  kinetic  energy 
to  carry  them  through  the  layer  at  its  surface  where  its  at- 
traction of  the  corpuscle  is  appreciable.  If  the  average  kinetic 
energy  of  a  corpuscle,  like  that  of  the  molecule  of  a  gas  is  pro- 
portional to  the  absolute  temperature,  then,  as  the  temperature 
increases,  more  and  more  of  the  corpuscles  will  be  able  to  escape 
from  the  metal  into  the  air  outside." 

In  1904  Wehnelt  discovered  that  the  thermionic  emission 
from  conductors  coated  with  certain  oxides  was  enormously 
greater  than  that  of  pure  metals.  Since  that  date  the  study 
of  thermionic  emission  has  proceeded  most  rapidly  and  the 
practical  applications  of  the  phenomena  have  more  than  kept 
pace  during  the  last  eight  years. 

Phenomena  due  to  thermionic  emission  had,  of  course,  been 
observed  for  years  before  a  satisfactory  theory  was  advanced. 
The  first  of  these  instances  was  the  discovery  by  Edison  in 
1884  of  an  effect  which  is  now  known  by  his  name.  He  found 
that  if  a  metallic  plate  is  introduced  into  the  bulb  of  an  in- 
candescent lamp  and  if  the  plate  is  connected  to  the  positive 
terminal  of  the  filament  then  a  current  flows  between  the  plate 
and  the  filament  as  maybe  observed  by  a  galvanometer  inserted 
as  shown  in  Fig.  12.  This  conductivity  of  the  space  between 
the  plate  and  filament  is  unilateral,  for  if  the  plate  is  connected 
to  the  other  terminal  of  the  battery  no  current  flows.    The 
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explanation  of  the  phenomenon  resulted  from  work  of  Fleming 
in  1896  and  J.  J.  Thomson  in  1899  along  lines  earlier  pursued 
by  Elster  and  Geitel.  Fleming  studied  the  operation  of  a 
two-member  vacuum  tube  device  having  a  heated  filament 
and  cold  plate,  and  Thomson  demonstrated  that  the  mech- 
anism of  current  conduction  between  the  filament  and  plate 
resulted  from  the  emission  of  negative  electrons  from  the 
filament. 

Through  such  a  tube  a  cxurent  may  flow,  since  electrons 
may  pass  and  will  so  do  provided  the  plate  is  positive  with 
respect  to  the  fllament  and  hence  such  as  to  attract  the  electrons 
emitted  by  the  latter.  The  idea  of  using  such  a  two-element 
device  as  a  rectifier  and  hence  detector  of  wireless  waves  was 
applied  independently  in  1905  by  Wehnelt  and  by  Fleming. 
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For  the  next  few  years  practical  progress  with  thermionic 
devices  was  in  the  hands  of  the  radio-engineers.  In  his 
American  Institute  of  Electrical  Engineers'  paper  of  1906 
DeForest  showed  that  the  discharge  between  the  hot  cathode 
and  the  plate  can  be  controlled  by  additional  electrodes.  In  a 
patent  issued  the  following  year  he  shows  inside  the  bulb  such 
a  controlling  electrode  to  which  he  had  given  the  form  of  a 
grid.  With  his  discovery  of  a  means  for  controlling  the  electron 
stream  was  bom  the  most  sensitive  of  repeating  elements. 
Years  of  careful  technical  development  were  required,  however, 
before  the  original  idea  had  been  perfected  to  the  point  where 
it  met  fully  all  the  rigid  requirements  of  application  in  a  com- 
mercial telephone  plant. 

To  understand  the  development  which  was  required  to  adapt 
the  first  successful  form  of  audion  designed  for  radio-telegraph 
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receiving  to  this  use,  we  shall  first  consider  in  some  detail  the 
structure  and  physical  principles  of  the  device. 

The  "audion"  consists  of  an  evacuated  vesseF  containing 
three  electrodes,  from  one  of  which  a  thermionic  emission  of 
electrons  is  obtainable.  Fig.  13  shows  the  characteristic 
structure.  The  filament  is  heated  by  the  passage  of  a  current 
as  shown  diagrammatically  in  Fig.  14.  The  other  two  electrodes 
are  a  plate  and  a  grid.  If  a  battery  is  connected  to  the  filament 
and  plate  as  in  Fig.  14,  so  as  to  make  the  latter  positive  with 
respect  to  the  former,  then  a  current  will  flow  in  the  circuit  so 
formed .  The  electrons  emitted  at  the  filament  are  drawn  across 
the  intervening  vacuum  by  the  electrical  field  which  the  battery, 
B,  in  the  plate  circuit  establishes.  If  an  e.  m.  f .  is  now  applied 
between  the  grid  and  the  filament  as  by  the  source  marked  V 
in  the  figure,  the  field  between  plate  and  filament  is  altered  and 
the  current  in  the  plate  circuit  is  correspondingly  altered.    If 
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the  grid  is  made  positive  with  respect  to  the  filament  more 
electrons  are  urged  across  the  space  between  grid  and  filament. 
While  some  of  this  increase  strikes  the  grid,  and  thus  results  in 
a  current  in  that  circuit,  by  far  the  greater  number  continue 
through  the  meshjes  of  the  grid  to  the  plate.  The  result  is  an 
increased  current  in  the  plate  circuit.  Conversely,  if  the  grid 
is  made  negative  there  results  a  decrease  in  the  plate  current. 
In  this  case,  however,  no  current  flows  in  the  grid  circuit 
because  electrons  can  be  drawn  to  an  electrode  only  if  it  is 
positive  with  respect  to  the  source  of  the  electrons. 

The  characteristic  relation  between  the  grid  voltage,  V 
and  the  plate  cxurent  /b,  is  that  of  Fig.  15.  If  the  plate  voltage 
is  altered  the  form  of  the  cxirve  is  not  altered  but  the  magnitude 
of  the  current  is  changed  as  illustrated  in  Fig.  16  which  shows 
a  family  of  such  characteristics.  It  is  evident  from  this  figure 
that  the  number  of  negative  volts  which  must  be  applied  to 
the  grid  in  order  to  reduce  the  plate  current  to  zero  is  al 
the  same  fraction  of  the  volts  applied  in  the  plate 
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for  a  given  plate  voltage  there  is  obtained  a  wider  range  of 
voltage  which  may  be  impressed  upon  the  grid  without  de- 
parting from  the  true  thermionic  character  displayed  in  Fig.  15. 
In  addition  to  securing  the  necessary  conditions  in  this 
respect,  a  large  amount  of  research  work  has  been  done  by 
the  engineers  of  the  Bell  System  in  producing  suitable  forms 
and  proportions  of  tubes  to  give  the  best  results  with  the  various 
types  of  repeater  circuits  and  in  devising  a  type  of  filament 
which  will  insure  a  maximum  of  life  and  a  minimum  of  power 
consumption  for  the  amplifying  tube  and  at  the  same  time 
insiu^  a  uniform  operating  characteristic  throughout  the  life 
of  the  tube.  Further  than  this,  the  work  has  resulted  in  ability 
to  produce  in  quantity  tubes  of  exactly  the  same  characteristics, 
a  feature  which  is  of  the  utmost  importance  in. -telephone 
repeater  operation  but  which  is  of  minor  importance  in  radio 
work.  Non-uniformity  in  the  tubes  would  very  seriously 
handicap  the  commercial  operation  of  this  type  of  amplifier 
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since  it  would  require  the  readjustment  of  apparatus  each  time 
it  might  become  necessary  to  replace  q  worn-out  or  damaged 
tube. 

Not  only  was  the  original  form  of  audion  deficient  as  a  tele- 
phone repeater  from  the  standpoint  of  its  energy  capabilities, 
but  the  conditions  of  its  use  in  radio  reception  were  inherently 
different  from  those  which  obtained  in  a  telephone  repeater 
circuit.  We  may  express  this  fact  by  saying  that  for  radio 
detection  we  make  use  of  the  ability  of  a  device  to  distort  a 
sinusoid,  which  is  impressed  upon  it,  while  for  telephonic 
purposes  we  require  the  very  minimum  of  distortion. 

Associated  with  the  audion  in  DeForest's  use  was  a  condenser 
in  the  grid  circuit  as  shown  in  Fig.  18.  The  input  terminals 
were  1  and  2  of  that  figure  and  the  output  terminals  were 
S  and  U  of  the  repeating  coil.  If  employed  as  the  amplifier 
in  a  telephone  repeater,  the  repeating  coil  serves  to  impress 
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on  the  telephone  line  to  which  the  device  is  connected  the  varia- 
tions in  the  plate  circuit  current  from  the  battery  B  which 
may  be  occasioned  by  any  alterations  in  the  potential  applied 
to  the  input  circuit.  The  condenser,  however,  serves  as  an 
electron  trap  if  a  sinusoidal  e.  m.  f.  is  impressed  on  terminals 
1,  2,  Thus  imagine  that  the  first  half  wave  of  the  sinusoid 
makes  the  grid  negative  with  respect  to  the  filament.  This 
polarity  tends  to  force  electrons  from  the  grid  to  the  filament, 
but,  since  electrons  are  not  emitted  by  the  grid,  no  transfer 
takes  place.  Making  the  grid  negative  does,  however,  reduce 
the  current  through  the  plate  circuit  as  we  saw  in  connection 
with  Fig.  15.  Now,  the  succeeding  half  wave  tends  to  force 
electrons  in  the  opposite  direction,  that  is  from  filament  to  grid, 
which  is  a  possible  direction  of  transfer  in  this  unilateral  circuit. 
The  individual  electrons  so  transferred  to  the  grid  cannot 
pass  through  the  condenser  and  complete  the  journey  back  to 
the  filament  although  others  from  the  opposite  plate  of  the 
condenser  may  be  induced  to  make  the  rest  of  the  journey. 
The  result  is  that  each  positive  half  wave  increases  the  number 
of  electrons  on  the  grid  and  its  adjoining  coi\denser  plate  and 
thus  results  in  a  further  increase  in  negative  potential.  But 
the  more  negative  the  grid  becomes  the  smaller  is  the  current 
in  the  plate  circuit  and  the  lower  the  point  on  the  characteristic 
curve  about  which  we  are  producing  sinusoidal  variations. 

Obviously,  such  an  action  is  very  satisfactory  for  detecting 
the  presence  in  the  input  circuit  of  a  train  of  sinusoidal  waves 
of  small  amplitude  since  the  effect  is  cumulative.  Equally 
obviously,  however,  such  action  may  absolutely  prevent  the 
passage  through  the  system  of  a  voice  actuated  train  of  waves 
since  a  word  or  two  may  make  the  grid  so  negative  as  to  reduce 
practically  to  zero  the  plate  current  upon  the  variations  of 
which  the  transmission  of  the  wave  depends. 

The  correction  of  the  circuit  arrangement  by  the  elimina- 
tion of  this  condenser,  which  aided  distortion,  was  but  a  detail 
in  the  broader  research  which  we  have  made  on  the  apphcation 
of  thermionic  devices.  This  work  involved  a  study  of  appro- 
priate circuits  in  which  these  tubes  could  be  used,  of  ther- 
mionics,  of  methods  of  producing  high  vacua,  of  gages  for 
indicating  the  degree  of  vacuum  obtained,  a  study  of  various 
types  of  filament  to  secure  efficiency  and  uniformity,  and  of 
the  physical  relations  in  three-element  vacuum  tubes  of  the 
geometrical  form  and  separation  of  the  electrodes.    Some  of 
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these  researches  as  for  example  those  of  Van  der  Bijl,  W. 
Wilson,  and  others  have  already  been  published. 

The  net  result  of  these  researches  has  been  our  ability  to 
design  and  construct  tubes  adapted  to  any  of  the  purposes  of 
the  art  of  communication.  In  the  final  form  in  which  we  use 
a  vacuum  tube  as  a  telephone  repeater  we  obtain  a  characteristic 
relation  between  input  voltage  and  output  current  which  is 
free  from  distortion  as  far  as  we  can  recognize  such  effects. 
This  is  obtained  partly  by  the  design  of  the  tube  and  partly 
by  the  proper  adaption  to  it  of  its  associated  circuit. 

In  the  first  place  we  arrange  that  the  repeater  shall  have 
a  constant  and  finite  input  impedance  by  bridging  between 
grid  and  filament  a  high  resistance.  To  this  resistance  cur- 
rent is  supplied  by  a  step-up  transformer  as  indicated  in 
Fig.  19.  The  voltage  effective  in  the  grid-filament  circuit  is 
then  the  drop  across  the  resistance.     In  the  second  place  we 
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Fig.  19 


generally  arrange  that  the  grid  shall  not  be  positive  at  any 
time  in  the  cycle  of  the  impressed  voltage.  This  is  accom- 
plished by  inserting  a  battery,  C,  in  the  grid  circuit.  In 
this  way  the  tube  acts  as  a  device  for  amplifying  the  impressed 
voltage  and  introduces  no  distortion  due  to  the  unilateral 
conductivity  of  the  grid  circuit. 

The  characteristic  relation  between  grid  voltage  and  plate 
current  which  is  shown  in  the  curves  of  Fig.  16  is  obviously 
not  that  of  a  perfect  repeater  since  there  is  not  a  linear  re- 
lation between  input  voltage  and  output  turrent.  The  volt- 
ages indicated  on  these  curves  are  those  of  the  battery  in 
the  plate  circuit.  The  condition  under  which  they  were  ob- 
tained is  that  of  no  external  resistance  in  this  battery  cir- 
cuit so  that  the  voltages  are  really  those  which  are  effective 
between  the  plate  and  filament  within  the  tube.  The  values 
of  the  current  in  these  plots  are  due  to  the  combined  actions 
of  this  effective  voltage  and  of  the  voltage  impressed  upon 
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the  grid  circuit.  For  each  of  these  curves  the  effective 
plate  voltage  is  constant  and  the  curve  gives  the  relation  be- 
tween the  input  voltage  and  the  output  current.  If,  however, 
there  is  external  resistance  in  the  plate  circuit,  then  the  effective 
voltage  between  the  plate  and  the  filament  will  not  be  that  of 
the  battery,  but  will  be  less  by  the  amount  of  the  IR  drop 
in  the  external  circuit.  An  increase  in  the  grid  voltage  will 
not,  then  produce  as  large  an  increase  in  plate  current  be- 
cause such  an  increase  as  it  would  produce  if  the  plate  voltage 
was  constant  is  partially  neutralized  by  the  decrease  in  the 
effective  plate  voltage  which  the  IR  drop  occasions.  The 
result  is  that  by  properly  proportioning  the  external  resistance 
of  the  plate-filament  circuit  we  may  obtain  a  characteristic 
relation  between  grid  voltage  and  plate  current  which  is  es- 
sentially linear  as  shown  by  the  full  line  curve  of  Fig.  20. 
The  requirements  for  a  telephone  repeater  stated  above  are 
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thus  fully  met  in  our  construction  of  the  audion  and  in  the 
circuit  arrangement  for  its  operation.  In  later  portions  of 
this  paper  we  shall  meet  illustrations  of  its  perfection  in  the 
report  of  experiments  and  commercial  operation. 

In  the  case  of  the  audion  the  control  of  the  electron  stream 
is  electrostatic.  It  is  possible,  of  course,  to  control  such  a 
stream  by  electromagnetic  means  since  the  stream  is  really 
a  current.  Such  a  control,  is,  however,  inherently  less  efficient 
and  sensitive  than  that  of  the  voltage  actuated  device  described. 
We  shall,  therefore,  give  no  detailed  discussion  of  such  methods 
but  will  pass  at  once  to  the  discussion  of  devices  in  which  the 
presence  of  gas  molecules  results  in  an  ionization  and  the  con- 
sequent presence  in  the  tube  of  positive  carriers  of  molecular 
size  as  well  as  negative  electrons. 

III.  The  distinction  between  electronic  and  gaseous  re- 
peating elements  is  not  a  matter  of  the  presence  or  absence  of 
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gas  since  an  absolute  vacuum  is  unobtainable.  It  is  rather  a 
matter  of  whether  or  not  gas  is  an  irrelevant  and  undesirable 
element  or  an  indispensable  one.  In  the  vacuum  tube  of 
DeForest,  gas  was  not  indispensable  as  we  have  seen  and  such 
gas  as  was  residual  limited  the  range  of  voltages,  throughout 
which  the  tube  had  the  desired  characteristics  when  used  as 
a  repeater. 

III-A.  In  the  repeating  element  of  von  Lieben  which  was 
invented  in  Europe  somewhat  later  than  the  time  the  audion 
was  produced  here,  gas  is  an  essential  constituent.  This  device 
has  a  Wehnelt  cathode,  that  is  a  filament  coated  with  oxides 
of  the  alkaline  earths  from  which  electrons  are  thermionically 
emitted.  The  function  of  the  cathode  is  not,  however,  to 
provide  all  the  carriers  as  in  the  case  of  the  filament  of  the 
audion  but  rather  to  provide  means  for  ionizing  the  gas  present 
in  the  tube. 

The  tube  is  a  three-element  device  and  has  in  addition  to 
the  thermionic  cathode,  an  anode  of  aluminum  (corresponding 
to  the  plate  of  the  audion),  and  an  intermediate  sieve-like 
electrode  in  the  form  of  a  i)erforated  aluminum  disk. 

The  function  of  the  sieve  is  to  control  the  discharge  which 
takes  place  between  the  anode  and  the  cathode,  in  case  a  po- 
tential is  properly  applied.  The  stream  of  electrons  which 
proceeds  from  the  cathode  to  the  anode  is  impeded  by  the 
presence  of  gaseous  molecules.  The  consequent  collisions  will 
result  in  the  ionization  of  some  of  the  gas  molecules  if  the 
velocity  is  sufficiently  high  and  this  velocity  depends  upon  the 
potential  which  is  applied  to  the  circuit.  The  ionization  results 
in  the  presence  of  more  electrons  which  are  available  for  in- 
creasing the  current  and  also  in  the  presence  of  positive  ions 
of  molecular  size  which  are  similarly  available  but  move  in  the 
opposite  direction.  The  introduction  of  a  potential  between 
the  filament  and  sieve  permits  of  an  external  control  of  the 
motions  of  the  electrons  and  positive  ions,  attracting  the  former 
and  repelling  the  latter  or  vice  versa. 

Small  changes  in  the  potential  applied  to  the  sieve  may  result 
in  relatively  large  changes  in  the  ionization  and  hence  in  the 
current  in  the  anode  circuit.  The  device  may,  therefore,  be 
used  to  give  amplification  but  for  reasons  which  will  appear 
presently  it  is  not  adapted  to  telephonic  work. 

Since  the  tube  contains  carriers  of  both  kinds  a  stream  of 
one  kind  or  the  other  will  inevitably  flow  to  the  sieve  and  thus 
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here  will  be  a  current  in  that  circuit  which  will  depend  for 
its  direction  upon  the  polarity  of  the  applied  voltage  and  for 
its  amount  upon  the  conductivity  of  the  gaseous  space  within 
the  tube.  If  the  cathode  and  sieve  are  used  as  the  input  cir- 
tuit,  corresponding  to  the  filament-grid"  circuit  of  the  audion, 
then  it  is  evident  that  the  impedance  of  this  input  circuit  will 
vary  with  the  impressed  voltage.  Such  a  variation  Will  result 
in  a  serious  distortion  and  is  not  in  conformity  with  our  re- 
quirements for  a  repeating  element. 

The  presence  of  both  kinds  of  carriers  makes  impossible  the 
simple  expedient  which  is  so  valuable  in  the  case  of  the  audion 
where  the  unilateral  conductivity  of  the  grid-filament  circuit 
is  utilized.  Further  the  pressure  of  the  gas  within  the  tubes 
is  subject  to  fluctuations  which  it  is  almost  impossible  to  con- 
trol. This  results  in  large  variation  in  ampUfication.  In  com- 
parison with  the  electronic  device  the  von  Lieben  tube  is 
seriously  deficient  as  a  telephone  repeater,  and  the  electro- 
static control  of  gaseous  devices  has  not  been  found  capable 
of  as  efficient  and  simple  application  to  telephonic  problems 
as  is  the  electrostatic  control  of  electronic  devices. 

III-B.  The  electromagnetic  control  of  gaseous  devices  has 
likewise  been  investigated  for  telephonic  purposes.  The  op- 
positely moving  streams  of  positive  and  negative  carriers 
will  be  deflected  in  the  same  direction  by  an  electro-magnetic 
field.  Provided  that  the  motion  of  such  a  discharge  stream 
may  be  made  to  alter  properly  the  conductivity  of  either  the 
circuit  of  the  discharge  itself  or  of  some  auxiliary  circuit,  a 
repeating  element  may  be  formed. 

Some  of  the  early  work  on  such  systems  is  that  of  Hewitt 
whose  experiments  on  mercury  vapor  arcs  are  well  known. 
The  method  which  he  proposed  to  employ  may  be  seen  from 
Fig.  21,  where  is  shown  a  tube  containing  mercury  vapor 
through  which  a  current  is  passing  from  the  battery  B.  A 
receiver  is  connected  in  series  with  the  battery  and  the  arc. 
The  arc  stream  itself  is  controlled  by  the  electromagnet  which 
is  excited  by  the  transmitter.  This  arrangement,  which  is 
essentially  a  very  insensitive  unilateral  repeating  device,  has 
never,  so  far  as  is  known,  been  made  to  function  as  a  telephone 
amplifier.  In  addition  to  its  inefficiency,  this  arrangement  is 
undesirable  because  of  noise,  distortion  and  variable  amplifica- 
tion. 

A  later  step  in  the  development  of  an  electromagnetically 
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controlled  mercury  arc  repeater  was  taken  by  Dr.  H.  D. 
Arnold.  He  utilized  an  auxiliary  circuit  for  the  output  and 
so  disposed  it  that  its  conductivity  was  altered  in  conformity 
to  the  motion  of  the  arc  stream.     In  the  general  idea  of  using 
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a  mercury  arc  stream  and  influencing  it  magnetically,  Arnold 
of  course,  follows  Hewitt. 

The  auxiliary  circuit  devised  by  Arnold  is  at  right  angles 
to  the  arc  stream  and  includes  three  electrodes,  one  about 
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the  center  of  the  stream  and  the  other  two  approximately 
equally  spaced  on  opposite  sides  as  shown  by  a  cross  section 
of  the  tube  in  Fig.  22,  the  main  arc  stream  being  perpendicular 
to  the  plane  of  the  diagram.    The  electromagnet  is  in  the  plane 
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of  these  electrodes  and  thus  serves  to  deflect  the  main  arc 
stream  toward  one  or  the  other  of  the  side  electrodes  depending 
upon  the  polarity  of  the  magnet.  The  ions  in  the  main  arc 
stream  are  available  carriers  for  current  between  these  elec- 
trodes and  the  central  electrode  if  a  potential  is  maintained 
between  them  as  by  the  battery,  B. 

In  the  normal  condition,  when  the  arc  is  undeflected,  similar 
portions  of  the  arc  stream  are  included  between  the  center 
electrode  and  each  of  the  side  electrodes.  The  conductivity  of 
the  two  paths  thus  offered  to  the  potential  of  the  battery  are 
then  equal  and  there  is  no  difference  of  potential  between  the 
terminals  rw,  n  of  the  coil,  to  the  center  tap  of  which  the  battery 
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is  connected.  In  so  far  as  the  conductivities  of  these  two 
branches  of  this  bridge  circuit  tend  to  vary  as  the  result  of  varia- 
tions in  the  ionizations  of  the  arc  stream  no  difference  of  po- 
tential will  be  produced  between  the  terminals  of  the  coil, 
since  both  conducting  branches  will  tend  to  vary  similarly 
due  to  a  common  cause.  Fortuitous  variations  in  the  arc 
stream  are,  therefore,  not  repeated  in  the  external  circuit  and 
the  difficulty  of  arc  noise  is  practically  eliminated.  When, 
however,  the  arc  stream  is  deflected  by  the  voice  actuated 
electromagnet,  the  conductivities  of  the  two  branches  are  op- 
positely changed  and  a  resultant  current  circulates. 

The  device  as  originally  described  for  patent  is  shown  in 
Fig.  23.  An  auxiliary  anode,  formed  by  a  mercury  electrode 
shown  at  A '  is  used  for  starting  the  arc  stream.    In  this  form 
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the  arc  is  struck  by  tilting  the  tube  and  allowing  the  mercury 
of  the  anode  A'  to  run  into  contact  with  that  of  the  main 
cathode  C.  As  the  tube  is  restored  to  its  vertical  position  an 
arc  is  formed  between  A'  and  C,  provided  that  the  key  K, 
has  been  closed.  Opening  the  circuit  at  K  allows  the  arc  to 
form  between  C  and  A. 

This  gaseous  device  is  capable  of  good  amplification  and 
is  fairly  free  from  distortion  except  such  as  may  be  introduced 
by  the  fact  that  impedance  of  the  electromagnet  may  not  be 
identical  with  that  of  a  telephone  line.  It  was  tried  out  ex- 
perimentally on  telephone  lines  but  has  never  been  used  for 
any  length  of  time  and  then  only  under  special  engineering 
supervision.  For  example,  units  were  installed  on  the  import- 
ant long  distance  circuits  between  New  York  and  San  Fran- 
cisco but  were  never  used  commercially. 

III-C.    The  third  type  of  gaseous  device  which  we  have  in- 
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vestigated  as  a  possible  repeater  is  the  negative  resistance  type. 
A  typical  voltage-current  characteristic  for  an  arc  stream  is 
that  of  Fig.  24,  where  the  ordinates  give  the  impressed  voltages 
and  the  abscissas  the  resulting  current. 

For  an  ordinary  resistance  the  slope  of  the  relation  of  voltage 
and  current  is  positive  in  the  usual  sense,  since  for  any  point  on 
the  ciu^e  dV/dl  is  positive,  and  represents  a  slope  of  less  than 
90  degrees  measured  counter-clockwise  from  the  axis  of  I. 
For  the  arc,  however,  with  its  falling  characteristic,  the  slope  is 
negative.  The  resistance  which  the  arc  offers  to  a  change  in 
its  condition  is  thus  to  be  considered  negative. 

If  an  arc  is  connected  in  series  with  an  ohmic  resistance  and  a 
source  of  potential,  as  shown  in  Fig.  25,  which  is  essentially 
that  suggested  at  one  time  by  Hewitt,  who  dealt  with  a  mercury 
arc  in  an  enclosed  tube,  the  arc,  owing  to  its  falling  characteris- 
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tic,  has  the  effect  of  making  the  total  resistance  in  the  circuit 
appear  to  be  less  when  small  current  variations  exist  in  the 
circuit  than  when  steady  conditions  exist. 

The  reason  for  this  is  that  any  small  increase  in  current  is 
accompanied  by  a  decrease  in  the  voltage  across  the  arc  itself, 
thus  leaving  a  still  greater  voltage  across  the  ohmic  resistance 
than  would  be  obtained  if  the  circuit  consisted  merely  of  ele- 
ments obeying  Ohm's  law.  If  the  source,  V,  is  a  transmitter 
and  if  there  is  in  the  circuit  also  a  receiver,  then  it  follows  that 
the  energy  received  by  the  latter  may,  under  proper  conditions, 
be  greater  than  that  delivered  to  the  circuit  by  the  transmitter. 
In  other  words  there  is  a  possible  telephonic  amplification. 

The  magnitude  of  the  amplification  with  the  Hewitt  device 
obviously  depends  upon  the  relative  magnitudes  of  the  negative 
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resistance  and  the  external  ohmic  resistance.  The  external 
resistance  may  in  part  be  that  of  a  telephone  line  and  for  that 
reason  this  method  has  been  considered  as  a  means  of  producing 
telephonic  amplification.  The  negative  resistance  of  the  arc 
can  never  do  more  than  remove  some  of  the  effects  of  the 
external  resistance.  If  it  could  do  more,  of  course,  the  circuit 
would  "sing."  We  have  found  in  practise  that  the  system  can 
never  increase  the  loudness  of  telephone  speech  unless  the  line 
resistance  itself  is  sufficient  to  stabilize  the  arc.  In  practise  the 
arc  would  have  to  be  connected  to  various  telephone  lines,  each 
having  different  characteristics,  and  in  order  that  an  arc  which 
will  amplify,  when  connected  to  a  high  resistance  line,  shall  not 
"sing"  when  connected  to  a  line  of  lower  resistance,  a  certain 
amount  of  extra  external  resistance  has  to  be  added  to  the  arc 
circuit,  which  resistance  will  be  different  for  each  different  type 
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of  line.  For  practical  telephony,  therefore,  this  negative  resist- 
ance device  is  not  of  service. 

Even  if  the  possible  amplification  were  sufficient  under  actual 
conditions  there  would  still  remain  the  fact  that  the  dynamic 
characteristic  of  the  arc  varies  with  the  frequency  of  the  im- 
pressed telephonic  waves,  giving  prohibitive  distortion  and 
variable  amplification.  Further,  in  common  with  the  other 
tjrpes  of  gaseous  discharge  apparatus  which  we  have  considered 
above,  the  negative  resistance  device  would  be  too  unsteady 
for  practical  use. 

The  two  devices  which  we  have  found  practicable  under  the 
exacting  requirements  of  commercial  telephone  service  are  the 
receiver-transmitter  element  and  the  three  electrode  vacuum 
tube  or  audion.  The  electromagnetically  controlled  arc  stream 
with  auxiliary  electrodes,  which,  as  indicated  above,  has  been 
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used  by  us  to  a  limited  extent  experimentally,  and  while 
possessing  many  of  the  characteristics  of  a  commerical  telephone 
repeater,  is  not  in  its  present  state  of  development  adapted  to 
general  telephonic  use.  Of  the  three  types,  mechanical, 
electronic,  and  gaseous  the  electronic  device  with  its  thermionic 
emission  is  the  most  nearly  perfect.  In  fact  the  amount  by 
which  it  fails  to  meet  all  the  requirements  for  a  perfect  repeater 
is  so  small  as  to  be  negligible  except  under  the  most  rigorous 
conditions. 

The  Repeater  Circuit 

The  electrical  network  by  means  of  which  one  or  more 
repeater  elements  may  be  associated  with  the  telephone  lines  is 
conveniently  known  as  the  "repeater  circuit,"  as  explained 
above.  In  two-way  operation,  such  as  telephony  requires, 
there  may  be  distinguished  three  general  types  of  such  circuits, 
of  which  the  bridge  or  balanced  circuit,  described  earlier  in  this 
paper,  is  the  more  usual  type. 

The  other  types  do  not  depend  upon  balance  for  their  suc- 
cessful   operation.     One   of   these   is   commonly   called   the 
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"booster."  Fig.  26  shows  one  form  of  series  booster,  in  which 
the  input  and  output  of  the  element  are  connected  in  series  with 
each  other  and  with  the  line.  A  form  of  shunt  booster  is 
similarly  indicated  in  Fig.  27.  A  large  number  of  other  forms 
of  booster  circuit  are  possible.  Negative  resistance  devices 
are  by  their  nature  adapted  to  the  booster  scheme  of  connection. 
In  the  case  of  booster  circuits  there  is,  for  operation  without 
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singing,  a  limiting  relationship  between  the  amplification  for 
which  the  element  is  adjusted  and  the  impedance  of  the  line  in 
which  it  is  connected.  Part  or  all  of  the  output  currents  from 
the  element  must  flow  through  the  input  circuit  of  the  element 
itself,  and  thus  the  amplification  of  the  incoming  telephonic 
current  det)ends  upon  the  "building  up"  of  currents  in  the 
circuit  by  the  interaction  of  input  and  output.     It  is  obvious 
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that  if  the  lines  do  not  offer  a  sufficient  load  such  a  circuit  with 
ts  element  may  act  as  an  oscillation  generator,  that  is,  there 
may  be  singing. 

The  third  type  of  repeater  circuit  is  somewhat  analogous  to 
the  single  line  repeater  of  telegraph  practise.  Incoming  voice 
currents  operate  sensitive  relays  which  switch  the  terminals  of 
the  element  according  to  the  direction  from  which  the  voice 


1324 


GHERARDI  AND  JEWETT: 


[Oct.  1 


currents  originate  so  that  the  circuit  is  equivalent  at  any  instant 
to  a  one-way  repeater  circuit. 

These  types  of  circuit,  which  do  not  depend  upon  balance, 
have  in  general  been  found  not  so  desirable  for  practical  use  as 
the  bridge  type  of  duplex  circuit  and  will  not  be  discussed  in 
further  detail. 

Of  the  bridge  type  we  may  distinguish  two  classes  depending 
upon  whether  a  single  repeater  element  is  used  to  amplify 
transmission  in  the  two  directions  or  whether  separate  elements 
are  used  for  the  opposite  directions.  The  typical  circuit  shown 
in  Fig.  28  is  obviously  of  the  first  class.  Such  circuits  we  may 
call  "21-type,"  indicating  two-way,  one-element  circuits.  The 
other  class,  which  we  shall  discuss  a  little  later,  is  generally 
known  as  the  "22-type",  since  it  is  a  two-way,  two-element 
circuit. 
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The  input  and  output  terminals  of  the  element  in  the  21  type 
circuit,  Fig.  28,  may  obviously  be  interchanged  without  altering 
the  physical  operation  of  the  circuit,  in  which  case  the  element 
transmits  to  the  two  lines  in  parallel  instead  of  in  series.  The 
choice  between  these  two  connections  is  influenced  largely  by 
the  ease  with  which,  through  the  medium  of  repeating  coils, 
the  input  and  output  impedances  of  the  element  may  be  made 
similar  to  the  impedances  of  the  network  to  which  they  are 
connected. 

A  practical  form  of  the  21  circuit  is  shown  in  Fig.  29  with  its 
associated  vacuum  tube  amplifier.    The  incoming  energy  is 


19191  TELEPHONE  REPEATERS  1325 

supplied  through  an  input  repeating  coil,  between  which  and  the 
telephone  lines  is  interposed  a  "filter,"  not  shown  in  the  figure. 
This  filter,  of  which  many  satisfactory  types  have  been  invented 
by  Dr.  G.  A.  Campbell,  is  a  physically  periodic  structure,  con- 
sisting of  similar  networks  in  series,  which  is  so  designed  as  to 
discriminate  against  the  passage  of  sinusoidal  currents  of 
frequencies  above  or  below  the  necessary  telephone  range  and 
thus  prevents  the  element  from  receiving  currents  which  arise 
from  the  simultaneous  use  of  the  metallic  circuits  of  the  tele- 
phone line  for  telegraph  currents  or  other  signal  currents.  The 
potentiometer  is  introduced  to  regulate  the  gain  occasioned  by 
the  element.  Retardation  coils  and  condensers  serve  to 
prevent  cross-talk  into  adjacent  telephone  circuits  and  to 
permit  the  use  of  a  common  battery  to  supply  all  the  repeater 
sets  at  any  repeater  station.  A  rheostat  is  also  introduced,  as 
shown,  to  control  the  heating  of  the  filament  and  thus  its 
thermionic  emission. 

Before  proceeding  to  describe  the  22  type  circuit  we  may 
well  restate  the  physical  operation  of  the  21  type  in  terms 
somewhat  different  from  those  used  in  our  introductory  dis- 
cussion of  the  circuit.  Let  us  follow  the  telephone  current, 
assuming  for  the  moment  that  it  is  traveling  from  west  to  east. 
The  current  that  comes  to  the  repeater  from  the  west  is  partly 
transmitted  through  the  circuit  to  the  line  east  but  the  larger 
part  of  it  is  divided  between  the  input  and  output  circuits  of 
the  telephone  repeater  element.  The  energy  which  flows  into 
the  output  circuit  is  merely  dissipated.  The  energy  which 
flows  into  the  input  circuit  is  amplified  by  the  repeater  element 
and  the  amplified  current  passes  to  the  "output  coil."  At  this 
point  if  the  line  west  and  the  line  east  are  similar  in  characteris- 
tics, the  energy  divides,  half  going  to  the  east  and  half  to  the 
west.  The  half  that  goes  west,  that  is,  towards  the  direction 
from  which  the  transmission  came,  serves  no  useful  purpose. 
The  half  that  goes  east  (combined  with  the  small  amount  of 
energy  that  passed  directly  through  the  repeater)  may  be  many 
times  larger  than  the  original  energy  coming  from  line  west  and 
is  the  useful  amplified  transmission. 

When  the  lines  west  and  east  are  identical  in  characteristics, 
it  is  evident  by  symmetry  that  there  is  no  voltage  set  up  across 
the  input  circuit,  and  there  is,  therefore,  no  possibility  of  a 
"singing"  condition  no  matter  how  large  amplifications  are 
employed.  This  circuit  therefore  permits  two-way  transmis- 
sion over  similar  lines. 
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In  case,  however,  the  line  west  and  the  line  east  are  different 
in  their  impedance  characteristics  for  any  part  of  the  telephone 
frequency^  range,  then  for  such  frequencies  there  will  be  voltages 
set  up  across  the  input  circuit  due  to  current  flowing  from  the 
output  circuit  and  a  tendency  towards  sin^ng  and  distortion. 
The  conditions  which  hold  when  such  unbalances  exist  will  be 
discussed  later. 

The  duplex  bridge  circuit,  as  we  saw  from  our  earliest  dis- 
cussion, is  applicable  as  a  terminal  circuit  whereby  two-way 
transmission  may  be  had  over  a  single  pair  of  wires.  (See  Fig. 
3).  In  such  operation  the  telephone  line  is  balanced  by  the 
inclusion  in  the  opposite  arm  of  the  bridge  of  an  artificial  line  of 
similar  impedance-frequency  characteristic.  At  a  repeater 
station  we  may,  therefore,  terminate  both  incoming  lines  by 
bridge  circuits,  balance  each  line  by  an  artificial  line,  and 
operate  both  lines  as  a  through  circuit  for  two-way  conversa- 
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tions  provided  we  connect  the  input  branch  of  each  bridge  to 
the  output  branch  of  the  other.  In  connecting  the  input 
terminals  of  one  bridge  circuit  to  the  output  terminals  of  the 
other  bridge  circuit  we  may  introduce  a  one-way  amplifier  as 
shown  in  Fig.  30. 

The  resulting  circuit  is  the  22-type  defined  above,  although 
its  evolution  did  not  follow  the  line  which  we  have  just  followed 
for  simplicity  of  discussion.  It  will  be  noted  that  this  circuit 
makes  use  of  a  separate  repeater  element  for  transmission  west 
to  east  from  that  used  for  transmission  east  to  west,  that  it 
requires  two  "output  transformers,"  and  that  each  line,  instead 
of  being  balanced  by  the  line  in  the  opposite  direction,  is  bal- 
anced by  an  artificial  line  indicated  as  "network  west"  or 
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"network  east."  Assuming  again  the  transmission  to  be 
coming  from  the  west,  we  trace  the  currents  through  the  re- 
peater circuit  as  follows:  A  small  part  of  the  energy  goes 
through  into  the  network  west;  the  largest  part,  however,  is 
divided  between  the  input  circuit  of  repeater  No.  1  and  the 
output  circuit  of  repeater  No.  2.  That  part  which  enters  the 
output  circuit  of  repeater  No.  2  is  dissipated  without  doing 
useful  work.  The  part  reaching  the  input  of  repeater  No.  1  is 
amplified  and  the  amplified  energy  flows  through  the  output 
transformer  connected  to  line  east.  The  "network  east"  is 
made  to  have  as  nearly  as  possible  the  same  impedance  as  the 
actual  line  for  the  full  range  of  telephone  frequencies.  If  the 
balance  were  perfect,  there  would  be  no  voltage  whatever  set 
up  across  the  input  circuit  of  repeater  No.  2,  and  therefore  no 
possibility  of  setting  up  a  singing  condition  whatever  values  of 
amplification  were  used. 

Actually,  however  the  balance  can  never  be  absolutely 
perfect,  so  that  there  will  be  a  certain  voltage  set  up  across 
this  input.  This  will,  in  turn,  be  amplified  by  repeater  No.  2. 
These  amplified  ciurents  will  then  flow  through  the  output 
transformer  connected  to  the  line  west.  If  the  "network 
west"  has  exactly  the  same  impedance  as  the  line  west,  then 
the  energy  will  equally  divide  between  the  two  and  there 
will  be  no  voltage  set  up  across  the  input  circuit  of  repeater 
No.  1.  This  condition  will  then  prevent  any  possibility  of 
a  singing  condition  being  set  up.  Again,  however,  there  will 
be  in  any  practical  case  some  imbalance  so  that  a  small  voltage 
will  be  set  up  across  this  input  circuit.  If  the  two  unbalances 
involved  (i.  e,  line  east  against  "network  east"  and  line  west 
against  "network  west")  are  sufficiently  large,  it  is  evident 
that  the  telephone  currents  have  a  closed  path  through  the 
two  repeaters  and  through  these  unbalances  so  that  a  singing 
condition  may  be  set  up. 

This  circuit  is,  however,  very  muclf  more  stable  than  the  21- 
type  circuit.  It  will  be  noted  that  if  either  of  the  networks 
exactly  balances  its  line,  there  may  be  any  degree  whatever 
of  unbalance  between  the  other  network  and  its  line  without 
permitting  singing.  In  general,  the  fact  that  the  singing 
condition  requires  two  unbalances  simultaneously  leads  to  a 
more  stable  condition. 

There  is  another  property  of  the  22-type  circuit  which  is  of 
great  importance  in  connection  with  tandem  operation  of 
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repeaters,  that  is,  when  two  or  more  repeaters  are  used  at 
different  points  in  a  line.  As  pointed  out,  transmission  coming 
from  the  line  west  and  reaching  a  21-type  repeater,  as  in  Fig. 
28,  will  result  in  an  amplified  current  being  sent  out  towards 
line  east;  but  it  will  also  result  in  an  equally  large  current 
being  sent  back  into  line  west.  In  the  case  of  the  22-type, 
however,  if  the  transmission  comes  in  from  line  west  and  the 
balance  between  network  east  and  line  east  is  good,  there  will 
be  very  little  energy  sent  back  into  line  west.  As  will  be 
pointed  out  in  more  detail  below,  under  'Tandem  Operation 
of  Repeaters,"  this  feature  has  a  large  advantage  as  the  energy 
sent  back  into  line  west  would  react  on  any  other  repeater  which 
was  in  circuit  in  that  direction. 

A  22-type  circuit  with  vacuum  tube  repeater  elements  con- 
nected into  it  is  shown  in  Fig.  31. 

In  connection  with  the  presentation  of  the  22-type  circuit 
it  is  interesting  to  note  that  this  circuit,  which  is  today  the 
best  known  means  of  producing  two-way  telephone  repeater 
operation  with  one-way  amplifying  devices,  is  the  invention 
of  Mr.  W.  L.  Richards,  one  of  the  engineers  of  the  Bell  System, 
who  devised  and  patented  the  arrangement  in  1895— years 
before  successful  telephone  repeaters  were  available  for  utiliza- 
tion in  telephone  systems. 

Balancing  of  Lines 

As  pointed  out  above,  the  21-type  circuit  depends  for  its 
stable  operation  on  the  balancing  of  the  telephone  line  east 
against  the  telephone  line  west,  and  the  22-type  circuit  de- 
pends on  the  balancing  of  each  of  the  telephone  lines  against 
an  artificial  line  or  "network."  '^Balancing"  requires  that  the 
two  lines  or  the  line  and  its  artificial  line  which  are  balanced 
against  each  other  shall  have  closely  the  same  impedance  for 
the  whole  range  of  telephone  frequencies. 

Assuming  that  we  have  repeater  elements  which  can  give 
us  sufficient  amplification  Vithout  appreciably  affecting  quality 
it  is  evident  that  the  amount  of  amplification  which  we  can 
get  in  any  practical  case  depends  on  the  degree  to  which  this 
balance  condition  can  be  carried.  This  in  turn,  as  will  be  more 
evident  after  reading  the  further  discussion,  depends  on  line 
conditions.  It  is  then  the  line  conditions,  rather  than  the  re- 
peater element  or  its  circuits  which  finally  limit  in  every  prac- 
tical case  the  amplifications  which  can  be  obtained  with  a 
repeater. 
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Let  US  consider,  therefore,  what  the  impedance  of  a  telephone 
circuit  looks  like  as  seen  from  the  repeater  terminals. 

Telephone  Line  Impedance 

If  we  take  a  very  long  No.  8  B.  w.  g.  open  wire  circuit,  which 
is  the  largest  size  of  copper  in  general  use  in  the  telephone  art, 
and  suppose  this  circuit  to  be  absolutely  uniform  in  its  charac- 
teristics, then  its  impedance,  that  is,  the  ratio  of  the  voltage 
applied  across  it  to  the  current  entering  it  will  be  as  shown  by 
Curves  1  and  2  in  Fig.  32,  in  which  ciu^e  1  gives  the  resistance 
and  curve  2  the  negative  reactance  of  the  impedance. 

For  such  a  line  we  can  make  up  a  very  simple  form  of  net- 
work which  has  approximately  the  same  ympedance  and  can 
be  used  for  balancing  in  a  repeater  circuit.  Curves  No.  3 
and  4  of  Fig.  32  indicate  the  impedance  of  a  network  consisting 
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merely  of  a  condenser  in  series  with  resistance.  It  will  be  noted 
that  even  this  simple  circuit  is  a  very  good  approximation  of 
the  impedance  of  a  long  line  except  at  low  frequencies.  Curves 
Nos.  5  and  6  show  the  impedance  of  a  somewhat  more  com- 
plicated network,  as  indicated  on  the  diagram,  which  gives  a 
very  good  approximation  over  the  whole  telephone  frequency 
range. 

In  a  practical  case  every  line  has  slight  irregularities  which 
affect  somewhat  its  impedance.  An  impedance  curve  for  an 
actual  line  which  is,  however,  comparatively  regular,  is  shown 
by  curves  1  and  2  of  Fig.  33.  The  measurements  on  this  line 
were  made  with  the  end  of  it  closed  through  an  impedance 
similar  to  that  of  a  long  length  of  the  line  itself.  Curves  5 
and  6  are  copied  in  from  Fig.  32  for  comparison. 
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It  is  difficult,  however,  to  keep  a  long  open  wire  circuit  free 
from  short  stretches  of  cable.  Fig.  34  shows  both  com- 
ponents of  the  impedance  of  a  No.  8  gage  circuit  having  a 
total  length  of  about  165  miles  with  the  distant  end  closed  as 
before  through  an  impedance  equal  to  that  of  a  long  length 
of  the  line  itself,  but  with  l]/i  miles  of  imdergroimd  cable  at 
a  point  105  miles  from  the  end  at  which  the  measurements  were 
made. 

It  would  evidently  be  more  difficult  to  make  a  network  having 
the  same  impedance  as  this.  It  can  be  done,  however,  fairly 
simply  by  building  an  artificial  line  representing  the  105  miles 
from  the  sending  end  to  the  place  where  the  cable  is  located, 
putting  in  series  an  artificial  line  representing  the  cable,  and 
putting  beyond  the  artificial  line  an  impedance  network  simu- 
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lating  the  impedance  of  a  long  line,  which  might  be  in  this  case 
merely  a  resistance  in  series  with  a  condenser. 

If  a  line  has  many  uregularities,  however,  the  setting  up  of  a 
balancing  network,  while  always  theoretically  possible,  would 
become  very  expensive  and  inconvenient.  A  fundamental 
requirement,  then,  in  obtaining  good  repeater  action  on  a  line 
is  the  maintenance  of  a  high  degree  of  uniformity  in  the  elec- 
trical characteristics  of  the  line. 

In  this  particular  case  the  irregularity  caused  by  the  cable 
can,  to  a  considerable  extent,  be  overcome  by  inserting  in  the 
cable  one  or  more  loading  coils  to  make  the  impedance  of  the 
cable  approximately  that  of  the  open  wire  line.  In  this  actual 
case  a  single  coil  was  cut  into  the  cable  near  its  mid-point,  and 
the  measured  impedance  after  this  had  been  done  is  indicated 
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in  Fig.  35.  In  thia  figure  the  curves  after  loading  are  shown  in 
heavy  lines  and  the  old  curves  are  indicated  in  lighter  lines  for 
comparison. 

In  the  case  of  loaded  lines  the  problem  of  mainUuning 
sufficient  regularity  in  the  electrical  characteristics  to  give  a 
satisfactory  impedance  curve  becomes  considerably  more 
difficult,  due  to  variations  in  the  inductances  of  the  loading  coils 
and  in  the  distances  between  these  coils.  To  illustrate  this  a 
number  of  impedance  curves  of  loaded  circuits  wilt  be  given 
showing  the  effects  of  their  irregularities  on  the  impedance 
characteristics.  In  these  curves,  for  fflmplicity,  only  the  re^st- 
ance  component  will  be  shown,  as  the  reactive  component  is 
considerably  smaller  and  goes  through  about  the  same  irregu- 
larities as  does  the  resistance  curve. 
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Fig.  36  shows  an  impedance  characteristic  of  an  open  wire 
line  loaded  at  approximately  8-mile  intervals  with  loading  coils 
having  approximately  3'i  henry  each.  This  circuit  would  give 
commercial  service  from  a  transmission  standpoint.  It  will  be 
noted,  however,  that  its  impedance  characteristic  is  extremely 
irregular,  and  it  would  be  difficult  to  obtain  gains  from  a  tele- 
phone repeater  operated  in  conjunction  with  it. 

Fig.  37  shows  the  resistance  of  a  circuit  of  similar  constants 
representing  a  less  extreme  condition  of  irregularity.  This 
would  have  been  considered,  before  the  advent  of  repeaters,  a 
reasonably  good  circuit  so  far  as  irr^ularity  is  concerned. 
These  irregularities  were  due  largely  to  comparatively  small 
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variations  in  spacing  of  loading  coils  and  in  the  inductances  of 
the  loading  coils.  Loading  coils  have  to  be  placed  on  a  tele- 
phone circuit  at  particular  points  in  the  transposition  layout  of 
the  circuit  in  order  to  prevent  crosstallt  between  it  and  other 
circuits  on  the  same  lead.  It  is  difficult,  however,  exactly  to 
space  transpositions  in  view  of  the  variations  in  the  route  taken 
by  a  line,  lengths  of  cable,  junction  points  with  other  lines,  etc. 
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This  led  in  the  past  to  variations  in  the  lengths  between  the 
successive  loading  points.  Aerial  loading  coils  are  exposed  to 
current  surges  due  to  lightning,  and  with  some  of  the  types  of 
coils  which  have  been  put  into  use  this  has  led  to  variations  in 
their  inductances.  For  any  given  frequency  it  may  be  that 
the  effect  of  a  large  number  of  such  irregularities  are  cumulative 
in  raising  the  impedance  of  the  circuit  for  that  frequency, 
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whereas  with  another  frequency  only  sUghtly  removed  from  the 
first,  the  effect  of  the  irregularities  may  be  to  reduce  the  impe- 
dance.    The  result  then  with  such  impedance  is  indicated  in    ^ 
Fig.  37  where  the  variation  was  due  no^  to  a  few  large  irregu-    ' 
larities,  but  to  a  large  number  of  small  irregularities. 

This  particular  circuit  was  one  of  those  entering  into  the 
transcontinental  line,  so  that  it  was  very  carefully  gone  over, 
retransposed  where  necessary,  the  loading  coils  replaced  by 
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others  having  a  particularly  high  degree  of  stability  and  uni- 
formity and  the  spacings  made  very  uniform.  The  result  of 
this  work  is  indicated  in  Fig.  38  in  which  the  darlt  line  shows  the 
impedance  after  this  worit  had  been  done  and  the  light  line  is 
a  repetition  of  Fig.  37  for  comparison.  The  circuit  will  now 
permit  of  large  gains  with  repeaters. 

In  the  cases  where  a  large  variation  in  impedance  is  due  to 
one  or  more  large  irregularities,  the  impedance  curves  often 
(Mes  a  very  interesting  and  convenient  method  of  detwmining 
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the  point  at  which  irregularity  exists.  For  example:  Fig.  39 
shows  the  impedance  of  a  circuit  as  measured  from  one  end, 
the  large  wave-like  variation  being  due  to  defective  apparatus 
at  some  point  in  the  circuit.  By  measuring  the  frequency 
range  between  sOccessive  "humps"  on  this  "wave"  it  is  possible 
to  determine  the  distance  from  the  sending  end  to  the  point  of 
irregularity.  In  practical  work  many  cases  have  arisen  where 
omitted  or  defective  coils  or  other  irregularities  have  been 
located  in  position  by  this  method. 

In  maintaining  this  uniformity  of  the  characteristics  of  the 
line,  one  of  the  largest  difficulties  is  caring  for  short  lengths  of 


frequency 
Fig.  39— Loaded  No.  8  Oaoe  Open  Wire  Line 

■his  iffegularity  was  cauied  by  detective  appBialui  located  at  . 


cable  which  may  occur  in  the  line  at  river  crossings,  in  going 
through  towns,  etc.  It  has  sometimes  been  difficult  to  explain 
to  those  outside  of  the  telephone  field,  but  who  are  acquainted 
with  the  fact  that  by  loading  and  telephone  repeaters  we  can 
talk  through  long  lengths  of  cable,  why  it  is  that  we  have  so 
much  difficulty  with  short  lengths  of  cable  which  come  into  our 
open  wire  circuits,  and  why  we  are  averse  to  cutting  such  short 
lengths  into  important  long  distance  lines  at  villages  and  at 
crossings  of  railroads,  power  lines,  etc.  Considering,  however, 
that  a  500-ft.  length  of  cable  has  as  much  capacity  as  three- 
quarters  of  a  mile  of  open  wire,  it  is  evident  that  even  a.  A^^ 
length  of  cable  has  a  very  large  effect  on  the  operatiop  "^^H 
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repeater  on  the  line.  In  la3dng  out  a  circuit,  such  short  lengths 
of  cable  can  be  partially  corrected  for  in  the  spacing  of  the 
loading  coils.  Changes  made  after  a  line  is  laid  out  are  of 
course  much  more  difficult  to  take  care  of. 

In  cable  circuits  the  problem  of  maintaining  uniformity  is 
similar  to  that  of  open  wire  lines,  requiring  very  accurate 
spacing  of  the  loading  coils  and  requiring  loading  coils  of  very 
uniform  characteristics  and  of  high  electrical  stability. 

Balancing  Artificial  Lines 

Assuming,  then,  in  any  case,  that  the  lines  have  been  made  as 
uniform  electrically  as  is  economical,  there  is  the  problem  of 
constructing  artificial  lines  (or  networks,  as  they  are  generally 
called)  which  shall  have  within  a  desired  degree  the  same  impe- 
dance as  the  actual  line.  It  should  be  noted  that  these  artificial 
lines  do  not  need  to  have  transmission  characteristics  cor- 
responding to  the  actual  lines,  but  need  to  have  only  the  same 
impedance  characteristics. 

A  very  simple  form  is  that  indicated  above  for  use  in  balanc- 
ing a  non-loaded  open  wire  line,  consisting  of  a  single  resistance 
in  series  with  a  single  capacity.  As  already  noted,  a  better 
approximation  for  a  non-loaded  open  wire  line  can  be  made  by 
adding  another  resistance  and  condenser  as  shown  in  Fig.  32. 

For  loaded  lines,  it  is  necessary  to  use  a  somewhat  more 
complex  artificial  line,  although  here  again  the  basic  form  is 
comparatively  simple.  Fig.  40  shows  in  light  lines  for  com- 
parison an  impedance  curve  much  like  that  of  Fig.  38,  and  in 
heavier  lines,  the  impedance  of  an  artificial  line  consisting  of 
two  condensers,  a  resistance  and  two  inductance  coils  arranged 
as  indicated  by  the  diagram  in  this  figure.  For  completeness 
both  the  resistance  and  reactance  of  the  impedance  are  shown 
in  the  figure. 

In  the  case  of  a  loaded  line  the  impedance  depends  very 
markedly  on  the  place  in  the  loading  section  from  which  the 
circuit  is  measured.  In  practise  lines  are  generally  terminated 
either  at  mid-section  or  at  mid-coil,  since  these  points  are 
symmetrical  points  in  the  loading  and  make  for  maximum 
flexibility  in  connecting  circuits  together.  Most  of  the  figures 
in  this  paper  were  taken  at  mid-coil. 

It  is  evidently  necessary  that  the  balancing  line  should 
balance  not  only  the  actual  line  itself,  but  any  apparatus 
between  the  line  and  the  point  at  which  the  repeater  is  applied, 
80  that  all  coils,  composite  sets  or  other  devices  used  in  series 
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with  the  line  must  be,  with  the  necessary  precision,  balanced 
in  the  artificial  lines  by  corresponding  coils,  condensers,  etc. 

Tandem  Operation  of  Repeaters 

The  above  discussion  has  referred  particularly  to  the  opera- 
tion of  a  single  repeater  in  a  circuit.  Where  several  repeaters 
are  used  in  tandem  at  different  points  in  a  circuit,  the  same 
considerations  are  involved.  In  addition  there  is  the  further 
consideration  that  not  only  can  circulating  currents  be  set  up 
involving  each  repeater  by  itself,  and  which  may  lead  to 
"howling,"  or  to  distortion  in  quality,  but  such  circulating 
currents  may  follow  paths  involving  any  two  or  more  of  the 
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Fig.  40 — Loaded  No.  8  Gage  Open  Wire  Line  }/i  Coil  Termination 


repeaters  operating  in  conjunction.  As  noted  above,  the  22 
type  circuit  involving  artificial  balancing  lines  has  a  large 
advantage  over  the  21  tyx)e  for  tandem  operation,  due  to  the 
fact  that  transmission  entering  it  from  either  direction  does  not 
cause  a  large  amount  of  energy  to  be  thrown  back  in  the  same 
direction,  as  is  the  case  with  the  21  tyx)e  circuit.  There  is  thus 
very  much  less  interaction  between  the  repeaters  with  the  22 
type. 

Effective  tandem  operation  of  repeaters  requires,  therefore, 
a  high  degree  of  electrical  uniformity,  and  also  requires  that 
the  reflection  effects  between  the  repeaters  and  their  connected 
lines  shall  be  reduced  as  much  as  possible,  so  that  each  repeater 
brings  in  as  little  irregularity  to  its  adjacent  repeaten 
possible. 
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The  Four- Wire  Circuit 

In  the  above  we  have  considered  the  application  of  repeaters 
in  ordinary  circuits  in  which  the  same  pair  of  wires  is  used  for 
transmission  east  as  is  used  for  transmission  west.  After  the 
above  discussion  regarding  balance,  it  is  evident  that  there 
would  be  considerable  advantage  in  transmission  if  separate 
pairs  of  wires  were  used  for  transmission  east  and  for  transmis- 
sion west.  A  circuit  of  this  tyx)e,  designated  as  a  "four-wire 
circuit/'  is  shown  diagrammatically  in  Fig.  41. 

The  term  "four- wire"  does  not  mean  necessarily  that  four 
wires  are  used,  but  that  different  circuits  are  use^  for  trans- 
mission east  and  transmission  west.  Each  of  these  circuits 
may  comprise  a  pair  of  wires,  or  may  be  a  phantom  circuit,  etc. 

In  a  circuit  of  this  kind  there  will  be  one-way  repeaters  in 
each  of  the  two  branches.    The  two  branches  must  be  brought 
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together  at  the  ends  for  connection  to  two-wire  lines,  or  to  the 
subscribers'  loops.  There  is,  therefore,  a  possibility  for  circu- 
lating currents  to  be  set  up  flowing  over  the  two  sides  of  the 
circuit  in  series.  In  order  to  minimize  such  circulating  currents, 
artificial  balancing  lines  are  used  at  the  points  where  the  four 
wire  connects  to  the  two-wire  in  a  manner  similar  to  the 
arrangement  of  the  22-type  circuit.  It  should  be  noticed  that 
if  the  total  amplification  of  both  branches  of  the  four-wire  in 
series  is  less  than  the  total  transmission  equivalent,  the  circuit 
cannot  "sing."  If  the  balance  at  the  ends  is  good,  the  gains 
may  be  even  greater  than  the  transmission  losses  without 
producing  singing.  As  in  the  case  of  two-wire  operation,  how- 
ever, large  distortion  may  be  brought  into  the  circuit  by  the 
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circulating  currents  even  when  the  amplifications  and  balance 
are  not  such  as  to  produce  singing. 

Circuits  of  this  kind  evidently  use  twice  as  many  wires  as 
ordinary  circuits.  They  permit,  however,  the  use  of  smaller 
wires.  It  is  a  question  of  economics  then,  as  to  whether  a 
circuit  of  this  kind  proves  in  in  any  practical  case.  For  long 
distance  cable  operation,  and  for  other  special  cases,  there  are 
conditions  where  we  find  that  these  four-wire  circuits  have  a 
field  of  use. 

Method  of  Applying  Repeaters 

In  the  practical  operation  of  repeaters  there  are  two  methods 
of  connecting  them  into  lines  which  have  come  into  general  use. 
These  are: 

(a)  "Through  line  repeaters." 

(b)  "Cord  circuit  repeaters." 

The  through  line  repeater  is  one  which  is  associated  with  a 
particular  line  and  connected  directly  into  the  line.  The 
operators,  therefore,  have  no  control  over  it.  It  is  generally 
set  to  give  a  definite  amplification,  depending  on  the  characteris- 
tics of  the  line. 

The  cord  circuit  repeater  is  connected  into  a  cord  circuit 
under  the  control  of  an  operator.  The  two  ends  of  the  circuit 
generally  appear  before  the  operator  as  two  plugs  which  she 
may  ponnect  into  any  pair  of  circuits  terminating  before  her 
which  are  in  proper  shape  for  repeater  operation.  The  ampli- 
fication given  by  the  repeater  is  generally  under  her  control, 
the  amplification  in  each  case  depending  on  the  pair  of  circuits 
which  is  connected  together. 

Where  the  circuits  which  may  be  used  with  a  cord  circuit 
repeater  vary  considerably  in  characteristics,  so  that  the  same 
artificial  balancing  lines  will  not  work  satisfactorily  with  all 
of  them,  various  arrangements  are  used  so  that  proper  balancing 
lines  will  be  connected  into  the  circuit  corresponding  to  the 
actual  lines  to  which  the  circuit  is  connected.  The  commonest 
arrangement  for  doing  this  consists  in  having  a  jack  in  the 
switchboard  immediately  below  each  jack  to  which  a  toll  line 
connects.  This  extra  jack  has  connected  to  it  an  artificial  line 
corresponding  to  the  actual  line.  The  repeater  circuit  then 
terminates  in  double  plugs  so  arranged  as  to  pick  up  both  the 
actual  and  artificial  lines  simultaneously. 
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Practical  Results  Obtained 

As  already  noted,  the  amount  of  gain  which  may  be  obtained 
in  any  practical  case  now  depends  almost  entirely  on  the 
degree  of  electrical  "uniformity"  which  it  is  economical  to 
maintain  in  the  telephone  circuits  to  which  the  repeaters  are 
connected,  since  we  can  obtain  within  practical  limits  as  large 
amplifications  in  the  repeater  elements  as  we  desire. 

We  have  already  indicated  the  large  effect  which  this  elec- 
trical uniformity  requirement  has  had  on  the  design  of  loading 
coils,  and  on  practises  with  regard  to  their  use.  About  every 
feature  of  open  wire  and  cable  construction  and  office  equip- 
ment which  affects  the  electrical  characteristics  of  the  circuits 
has  been  in  some  way  affected  by  this  repeater  requirement. 
Not  only  in  the  design  and  construction,  but  also  in  the  daily 
operation  and  maintenance  of  circuits  with  repeaters,  this 
requirement  has  to  be  kept  constantly  in  mind. 

At  the  present  time  more  than  1000  telephone  repeaters  are 
in  service  in  the  plant.  We  now  will  describe  a  number  of 
typical  repeater  circuits  and  will  indicate  the  results  which  ?re 
being  obtained. 

Transcontinental  Line 

The  circuit  over  which  transmission  is  given  between  the 
cities  along  the  eastern  coast  and  the  Pacific  coast  cities  is 
shown  diagrammatically  in  Fig.  42.  Originally  there  were 
three  repeaters  used  in  this  circuit,  located  at  Pittsburgh, 
Omaha  and  Salt  Lake  City.  Since  that  date,  largely  for 
flexibility  in  switching  traffic,  the  number  has  been  increased  to 
six  located  at  Pittsburgh,  Chicago,  Omaha,  Denver,  Salt  Lake 
City  and  Winnemucca.  The  total  gains  were  only  slightly 
increased  by  the  change.  The  circuit  consists  of  No.  8  B.  w.  g. 
copper  conductors  loaded  at  eight-mile  intervals  with  coils  of 
one-fourth  henry  each.  This  gives  a  line  equivalent  of  56 
miles  of  standard  19  gage  cable.  There  is  a  further  transmis- 
sion loss  due  to  composite  and  other  apparatus  of  about  7  miles, 
the  total  equivalent  being,  therefore,  about  63  miles.  This  is 
reduced  by  repeaters  to  a  resultant  equivalent  of  21  miles, 
which  is,  therefore,  about  one-third  of  the  equivalent  without 
repeaters. 

The  drawing  shows  the  important  points  on  the  line,  indicates 
the  positions  of  telephone  and  telegraph  repeaters  and  indicates 
the  compositing  apparatus  used  in  separating  the  telegraph  and 
telephone  currents. 
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Boston-Washington  Cable 

The  largest  use  of  repeaters  on  cables  has  been  in  connection 
with  the  circuits  between  the  various  cities  which  are  served 
through  the  underground  cable  route  extending  from  Boston 
through  Providence,  Hartford,  New  Haven,  New  York,  Phila- 
delphia and  Baltimore  to  Washington.  The  use  of  repeaters 
on  small  gage  cables  placed  in  this  subway  became  of  the 
greatest  importance  during  the  war  in  caring  for  the  tremend- 
ously increased  requirements  for  telephone  facilities  between 
these  large  cities  along  the  Atlantic  seaboard. 

Most  of  these  telephone  repeaters  are  located  in  the  large 
cities  along  the  route  of  this  cable.  At  two  places,  however, 
Princeton,  N.  J.,  and  Elkton,  Md.,  the  repeater  requirements 
were  such  as  to  justify  the  putting  up  of  buildings  especially 
for  repeater  operation.  Fig.  43  shows  an  illustration  of  the 
building  which  was  put  up  at  Princeton.  There  are  now  about 
200  repeaters  working  at  Princeton.  The  ultimate  capacity 
of  the  building  will  be  over  500  repeaters. 

Fig.  44  shows  a  typical  group  of  repeater  racks,  each  rack 
canying  two  complete  repeaters.  Fig.  45  shows  at  the  left, 
front  and  back  views  of  some  of  these  repeater  racks.  At  the 
right  it  shows  the  face  of  a  test  board  from  which  the  different 
repeaters  and  associated  circuits  may  be  tested.  Fig.  46 
shows  the  power  board  where  the  operating  currents  and  poten- 
tials applied  to  the  repeaters  are  measured. 

The  repeaters  shown  in  the  above  photographs  are  of  the 
vacuimi  tube  type.  Fig.  47  shows  a  front  view  of  an  installa- 
tion of  the  mechanical  type  repeaters  at  Providence,  R.  I. 
Fig.  48  shows  a  rear  view  of  the  repeater  racks. 

The  longest  cable  circuits  set  up  along  this  route  are  those 
from  Boston  to  Washington,  a  total  distance  of  about  455  miles. 
A  typical  layout  for  a  circuit  of  this  kind  consists  of  loaded 
conductors.  No.  10  B.  &  S.  gage  from  Boston  to  New  York,  No. 
13  gage  from  New  York  to  Philadelphia  and  No.  10  gage  from 
Philadelphia  to  Washington.  This  circuit  has  an  equivalent 
of  about  30  miles  of  No.  19  gage  standard  cable,  which  by 
means  of  repeaters  at  Hartford  and  Philadelphia  is  reduced  to 
about  14.5  miles.  It  should  be  noted  here  that  No.  10  gage 
conductors,  are  somewhat  larger  conductors  than  would  now  be 
placed  for  this  business,  and  are  being  used  because  they  were 
available,  having  been  placed  before  the  use  of  repeaters  had 
been  developed  to  their  present  effectiveness. 
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The  longest  circuits  electrically,  that  is,  those  having  the 
greatest  attenuation,  which  have  been  operated  with  repeaters 
along  this  route,  are  New  York- Washington  circuits,  consisting 
of  No.  19  gage  cable  loaded  with  coils  of  about  one-fourth  henry 
inductance,  spaced  at  intervals  of  about  1.16  miles.  The 
distance  is  about  225  miles.  This  gives  a  line  equivalent  of 
about  62  miles  standard  cable.  By  the  use  of  four  repeaters 
at  Princeton,  Philadelphia,  Elkton,  and  Baltimore,  the  equiv- 
alent of  this  circuit  is  reduced  to  about  13  miles  of  standard 
cable. 

The  above  circuits  make  use  of  the  22-type  repeaters. 
Where  there  is  but  one  repeater  in  a  circuit,  however,  the 
21-type  gives,  under  many  conditions,  satisfactory  service. 
For  example,  between  New  York  and  Philadelphia,  a  distance 
of  about  90  miles,  a  group  of  circuits  is  being  worked  on  No.  19 
gage  conductors,  with  a  single  21-type  repeater  at  FYinceton. 
The  circuit  without  repeaters  has  an  equivalent  of  about  24 
miles  of  standard  No.  19  gage  cable.  The  repeater  reduces 
this  to  about  14  miles. 

Summary 

In  the  foregoing  pages  we  have  endeavored  to  present  a 
short  history  of  telephone  repeater  development,  a  statement 
of  the  factors  which  control  their  successful  operation,  an  idea 
of  the  possibilities  and  limitations  of  different  types  of  repeaters 
and  repeater  circuits,  and  three  or  four  typical  examples  of  the 
present  commercial  line  combinations  in  which  telephone 
repeaters  are  vital  links  in  the  every-day  telephone  serxice  of 
the  public.  These,  we  believe,  will  give  the  members  of  the 
Institute  a  fair  picture  of  the  state  of  the  art  as  it  now  exists, 
both  technically  and  commercially. 

In  concluding  the  paper  it  seems  only  necessary  to  add  a 
word  with  regard  to  the  further  influence  which  the  telephone 
repeater  is  likely  to  have  on  telephonic  communication  in  the 
future. 

As  indicated  in  the  earlier  parts  of  the  paper,  the  net 
result  of  the  vast  amount  of  work  already  done  has  been  to 
produce  amplifying  devices  capable  of  taking  energy  from  a 
local  source  or  sources  and  under  the  control  of  enfeebled 
telephonic  currents  from  a  distant  transmitting  station  deliver 
back  into  the  telephone  line  currents  which  are  faithful  repro- 
ductions of  these  enfeebled  control  currents  but  with  many 
times  their  energy.    Furthermore,  the  work  already  done  has 
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developed  the  methods  which  permit  of  utilizing  the  amplifying 
properties  of  these  repeaters  in  the  various  kinds  of  telephone 
lines  which  go  to  make  up  the  modem  telephone  network  and 
methods  of  constructing  and  maintaining  lines  to  secure  maxi- 
mum efficiency  and  economy  from  the  use  of  repeaters.  The 
tools  thus  at  our  disposal  are  of  such  a  character  as  to  permit 
of  our  forecasting  the  changes  which  their  use  is  likely  to  pro- 
duce in  the  evolutionary  growth  of  the  telephone  plant.  When 
combined  with  the  benefits  to  be  derived  from  the  loading  of 
cable  circuits,  the  use  of  the  practically  perfect  repeaters  now 
available  puts  an  entirely  different  aspect  on  many  of  the 
problems  which  have  confronted  the  telephone  engineer  in  the 
past.  Not  only  will  there  be  the  opportunity  to  utilize  smaller 
gage  wires  than  has  hitherto  been  possible  but  the  economical 
field  for  underground  and  overhead  toll  cables  will  be  greatly 
extended  into  the  region  which  it  has  heretofore  been  possible 
to  serve  only  with  some  form  of  open  wire  construction. 
Viewed  from  the  standpoint  of  continuity  of  service  alone,  this 
is  an  advantage  of  almost  inestimable  value.  Further,  the 
range  of  reliable  and  commercially  possible  long  distance 
telephony  will  be  very  greatly  extended. 

Nmnerous  fields  which  have  in  the  past  been  fruitful  regions 
of  experimentation  have  likewise  been  made  obsolete  by  the 
development  of  the  telephone  repeater.  Most  noteworthy  of 
these  is  that  looking  to  the  production  of  powerful  or  so-called 
loud  speaking  transmitters.  Many  investigators  have  in  the 
past  devoted  much  effort  to  the  production  of  this  type  of 
equipment  and  for  many  years  a  large  group  of  telephone 
engineers,  notably  those  in  Europe,  looked  upon  the  production 
of  a  practical  loud  speaking  transmitter  as  a  key  to  the  solution 
of  long  distance  telephony.  Comprehensive  studies  by  the 
engineers  of  the  Bell  System  early  convinced  us  that  the  solu- 
tion did  not  lie  in  this  direction  and  the  success  of  the  telephone 
repeater  is  a  vindication  of  the  adequacy  of  these  early  studies 
and  of  the  consistent  line  of  development  which  followed  them. 

In  conclusion,  the  authors  wish  to  express  their  appreciation 
to  Mr.  E.  H.  Colpitts,  Assistant  Chief  Engineer  of  the  Western 
Electric  Company,  Incorporated;  Mr.  0.  B.  Blackwell, 
Transmission  Development  Engineer  of  the  American  Tele- 
phone and  Telegraph  Company;  Mr.  A.  B.  Clark,  of  the  Ameri- 
can Telephone  and   Telegraph   Company,   and   Mr.   H.   E. 
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Shreeve  and  Mr.  John  Mills  of  the  Western  Electric  Company 
Incorporated,  for  the  very  great  help  they  have  rendered  in  the 
selection  from  a  mass  of  information  of  the  data  for  this  paper 
and  for  their  assistance  in  its  preparation. 

September  18,  1919 
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PRINCIPLES  OF    RADIO  TRANSMISSION  AND  RE 
CEPTION  WITH  ANTENNA  AND  COIL  AERIALS 


BY  J.  H.  DELLINGER 

Abstract  op  Paper 

Coil  aerials  are  coming  to  replace  the  large  antennas  in  radio 
work.  The  advantage  of  the  coil  aerial  as  a  direction  finder,  in- 
terference preventer,  reducer  of  strays  and  submarine  aerial, 
make  it  important  to  know  how  effective  such  an  aerial  is  as  a 
transmitting  and  receiving  device  in  comparison  with  the  ordi- 
nary  antenna.  In  this  article  the  mathematical  theory  is 
presented  and,  as  a  result,  the  answer  to  this  question  is  obtamed. 
Experiments  have  verified  the  conclusions  reached,  and  the 
formulas  which  are  obtained  are  a  valuable  aid  in  the  design  of 
an  aerial  to  fit  any  kind  of  radio  station. 

A  great  many  questions  and  hazy  ideas  on  the  behavior  of 
radio  waves  are  cleared  up  by  the  study  which  was  made  and 
here  presented. 

It  IS  found  that  the  coil  aerial  is  particularly  desirable  for 
communication  on  short  wave  lengtns.  A  coil  aerial  is  as 
powerful  as  an  antenna  only  when  its  dimensions  approach  those 
of  the  antenna.  For  other  reasons,  however,  a  small  coil  aerial 
is  in  many  cases  as  effective  as  a  large  antenna. 

It  is  shown  that  an  advantageous  type  of  radio  aerial  is  a 
condenser  consisting  of  two  large  metal  plates.  This  t3rx>e  of 
aerial  has  many  of  the  advantages  of  the  coil  aerial. 

The  fundamental  principles  of  design  of  aerials  are  given  in 
this  paper.  On  the  basis  of  this  work  the  actual  functioning  of 
any  type  of  radio  aerial  can  be  determined  either  from  measure- 
ments made  upon  the  aerials  or  from  actual  transmission  experi- 
ments. 

The  investigation  has  opened  up  a  large  and  most  interesting 
field  for  further  research  and  progress  in  the  utilization  of  radio 
waves. 


I.     INTRODUCTION 

IN  a  radio  transmitting  or  receiving  set,  either  the  condenser 
or  the  inductance  coil  is  made  of  large  dimensions.  It  is  then 
called  the  aerial,  and  effects  the  transfer  of  power  between  the 
radio  circuits  and  the  ether.  The  coil  aerial  has  the  inherent 
advantage  of  serving  as  a  direction  finder  and  interference 
preventer,  but  is  less  effective  quantitatively  as  a  transmitting 
or  receiving  device  than  the  condenser  type  of  aerial,  commonly 
called  the  antenna.  Both  kinds  of  aerial  are  very  simple  in  con- 
struction, consisting  merely  of  one  or  more  wires.    An  antenna 
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consists  of  a  wire  or  set  of  wires  connected  in  parallel  and  con- 
stituting one  plate  of  a  condenser,  the  other  plate  being  the 
ground  beneath.  The  coil  aerial  is  one  or  more  turns  of  wire 
constituting  a  simple  coil  or  loop.  When  an  antenna  is  used 
its  circuit  is  completed,  in  general,  by  placing  an  inductance 
coil  in  series  with  it  and  the  ground ;  and  when  a  coil  aerial  is 
used  its  circuit  is  completed  by  connecting  a  condenser  across 
its  terminals.  The  typical  connections  are  shown  in  Figs. 
1  and  2. 

The  antenna  is  used  when  it  is  desired  to  communicate  over 
as  great  a  range  as  possible  or  reduce  the  power  of  the  apparatus 
as  much  as  possible.  The  coil  is  used  when  directional  prop- 
erties are  particularly  important.  The  coil  radiates  and  re- 
ceives electric  waves  better  in  the  direction  of  its  plane  than 


Antenna 


y/////////////////////^ 

Ground 

Fig.  1 — Simple    Antenna    Cir- 
cuit 


Fig.  2 — Simple  Coil  Aerial 
Circuit 


in  the  direction  of  its  axis,  whereas  the  performance  of  the 
antenna  is  much  more  nearly  independent  of  direction  of  the 
waves.  By  arranging  a  coil  so  that  it  can  rotate  it  makes  an 
excellent  direction  finder.  When  thus  used  on  a  ship  or  an 
airplane,  a  coil  aerial  is  sometimes  called  a  radio  compass. 
It  has  also  been  called  a  radio  goniometer.  By  turning  it 
so  that  its  axis  is  parallel  to  the  direction  of  propagation  of 
the  waves  from  some  particular  station,  that  wave  is  not 
received  while  waves  from  other  directions  are  received.  The 
coil  may  thus  serve  as  an  interference  preventer.  It  is  possible 
to  attiain  some  slight  reduction  of  the  effects  of  strays,  com- 
monly called  static,  by  using  combinations  of  coil  aerials. 
Submarine  communication  is  more  successful  with  coil  aerials 
than  with  antennas  because  the  coil  can  be  protected  from  the 
short-circuiting  effect  of  the  water  while  an  antenna  can  not. 
The  numerous  advantages  of  the  coil  aerial  make  it  highly  im- 
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portant  to  know  the  relative  sensitiveness  or  power  of  trans- 
mission of  the  device  in  comparison  with  the  antenna.  This 
publication  provides  the  answer  to  this  question  and  sets  forth 
the  theory  of  radiation  and  reception  and  the  action  of  antenna 
and  coil  aerials.  The  relative  effectiveness  of  any  coil  and 
antenna  is  given  by  formula  (32)  to  (36)  in  Sec.  IV  1  below. 
The  uses  of  the  coil  as  a  direction  finder,  interference  preventer, 
reducer  of  strays,  and  submarine  aerial,  are  not  treated  in 
this  article. 

The  most  important  question  considered  is  the  practical  one: 
How  far  can  communication  be  maintained  by  the  use  of  any 
specified  antennas  or  coil  aerials.  Formulas  are  developed  by 
which  the  current  received  in  an  antenna  or  coil  is  calculated 
in  terms  of  the  current  in  a  transmitting  antenna  or  coil, 
resistance  of  receiving  aerial  circuit,  the  distance,  wave  length, 
and  dimensions  of  the  aerials.  The  formulas  have  been  found 
to  be  useful  in  the  design  of  aerials  land  in  the  selection  of  an 
aerial  for  a  particular  kind  of  communication.  They  were 
worked  out  before  there  was  any  experimental  information 
available  to  answer  the  question  of  the  comparative  quantita- 
tive value  of  the  two  kinds  of  aerials.  Not  much  inform- 
ation on  this  has  been  obtained  from  experiment  even  yet 
(1919),  but  such  experiments  as  have  been  made  have  sub- 
stantiated the  formulas.  The  work  described  in  this 
paper  was  done  in  1916  and  1917.  The  results  were  given  in 
* 'Radio  Transmission  Formulas,"  a  confidential  paper  of  July, 
1917,  which  was  circulated  in  the  Signal  Corps  and  Navy. 
Publication  was  withheld  during  the  war  at  the  request  of  the 
Signal  Corps.  The  formulas  have  also  been  given  by  the  writer 
of  the  present  paper  on  page  234  of  "The  Principles  Underlying 
Radio  Communication,"  1918,  Signal  Corps  Pamphlet  No.  40, 
a  book  which  can  be  purchased  from  the  Superintendent  of 
Documents,  Washington,  D.  C. 

HistoricaL  The  coil  aerial  and  the  condenser  aerial  (an- 
tenna) both  date  back  to  the  first  experimenter  with  the 
electric  waves  that  make  radio  telegraphy  possible.  H.  Hertz 
in  1888  used  an  open  oscillat9r,  which  was  the  forerunner  of 
the  antenna,  as  his  transmitting  apparatus.  For  receiving  he 
used  a  circle  of  wire,  which  was  the  first  loop  or  coil  aerial, 
and  observed  its  directional  properties. 

The  possibility  of  a  loop  or  coil  aerial  as  a  transmitting  device 
was  discussed  from  the  theoretical  standpoint  by  G.  F.  Fitz-        A 
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gerald  and  later  by  J.  A.  Fleming,  in  Electrician,  59,  pp.  936, 
976, 1016;  1907.  Fleming  derived  expressions  for  the  radiated 
fields,  using  a  curious  theory  in  which  the  four  sides  of  the  coil 
were  replaced  by  Hertzian  doublets. 

The  use  of  a  large  loop  or  single-turn  coil  as  an  aerial  in 
practical  radio  commimication  was  described  by  G.  Pickard  in 
Proceedings  of  the  Wireless  Institute  of  America,  1,  May  1, 
1909.  He  discussed  its  properties  both  as  a  radiation  and  re- 
ceiving aerial.  He  described  its  use  as  a  direction  finder, 
stating  that  he  had  determined  directions  with  it  to  better 
than  1  degree. 

In  spite  of  this  work  and  proposals  by  others,  the  antenna 
was  used  almost  exclusively  as  the  transmitting  and  receiving 
device  until  1913.  The  use  of  the  coil  aerial  received  a  great 
impetus  by  the  publication  of  an  article  by  F.  Braun  in  Jahrbuch 
der  drahtlosen  Telegraphic  und  Telephonie,  8,  p.  1,  1914;  on 
the  Use  of  Closed  Circuits  in  Place  of  Open  in  Radio  Tele- 
graphy. He  discussed  the  advantages  of  a  coil  aerial  as  a  re- 
ceiver and  transmitter,  both  from  the  theoretical  and  the  ex- 
perimental standpoint. 

Since  1913  there  has  been  a  great  deal  of  development  work 
done  on  coil  aerials  and  they  were  extensively  used  in  the  war. 
The  development  of  the  coil  aerial  as  a  practical  direction 
finder  and  receiving  device  was  begun  at  the  Bureau  of  Stand- 
ards in  1915.  Using  electron  tubes  as  the  detecting  apparatus, 
transatlantic  signals  were  received  on  a  coil  inside  a  room. 
Experiments  with  the  coil  as  a  transmitting  device  were  carried 
out  at  the  Bureau  in  1917.  Among  the  very  few  published 
treatments  of  development  and  use  of  the  coil  aerial  are  those 
in  Bucher's  text-book,  "Practical  Wireless  Telegraphy"  1917, 
p.  256;  and  "Radio  Direction-Finding  Apparatus"  by  A.  S. 
Blatterman,  Electrical  World,  73,  p.  464;  1919.  Most  of  the 
descriptions  to  date  have  been  confidential  reports  of  the  mili- 
tary services  of  various  countries. 

The  theoretical  discussions  by  Fleming  and  Braun  are  cum- 
bersome and  needlessly  complicated  and  the  results  are  not 
well  adapted  to  practical  use.  The  present  paper  presents 
an  original  treatment  that  is  relatively  very  simple  but  none 
the  less  exact  and  leads  to  conclusions  that  apply  directly  to 
practical  work.  This  paper  also  points  out  a  number  of  mis- 
conceptions that  have  existed,  and  endeavors  to  clear  up  some 
of  the  controversial  points  on  the  radiation  of  waves  and  the 
functioning  of  aerials. 
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ii.   derivations  of  theoretical  formulas 

1.  Radiation  from  an  Antenna 

Formula  (8)  below,  giving  the  radiated  magnetic  field  at  a 
distance  from  an  antenna,  is  a  well-known  formula.  It  has 
been  given  by  various  writers,  and  is  the  only  one  presented  in 
this  paper  that  requires  any  deep  consideration  of  fundamental 
electromagnetic  theory.  The  result  is  in  fact  implicit  in  Max- 
well's classical  treatise,  "Electricity  and  Magnetism".  The 
derivation  given  here  is  much  more  direct  and  brief  than  the 
others  the  author  has  seen,  and  is  given  only  for  that  reason. 
The  derivations  of  formula  (10)  and  following  ones  are  still 
simpler,  and  will  be  of  more  interest  to  most  readers. 

The  units  used  in  this  paper  are  international  electric  imits, 
the  ordinary  electric  units  based  on  the  ohm,  ampere,  centi- 
meter, and  second.  (See  paper  by  the  author  on  "International 
System  of  Electric  and  Magnetic  Units",  Scientific  Paper  of 
the  Bureau  of  Standards  No.  292).  The  unit  of  magnetic  field 
intensity  is  the  gilbert  per  cm.,  often  called  the  cgs.  unit.  The 
only  exception  to  the  use  of  units  of  the  international  system 
is  in  certain  of  the  practical  formulas  where  lengths  are  ex- 
pressed in  meters  or  miles  where  so  stated. 

In  the  following  discussion  is  calculated  the  magnetic  field 
intensity  produced  by  a  flat-top  antenna,  having  electric 
current  of  uniform  value  throughout  the  length  of  the  vertical 
portion.  Most  antennas  in  practise  approximate  closely  this 
condition. 
The  symbols  used  are : 

i     =  instantaneous  current 
/o    =  maximum  value  of  current 
/     =  effective  value  of  current 
Ht  =  instantaneous  value  of  magnetic  field  intensity 
Ho  =  maximum  value  of  magnetic  field  intensity 
H    =  effective  value  of  magnetic  field  intensity 
h     =  height  of  aerial 
d     =  distance  from  sending  aerial 
0)    =  2  TT  times  frequency  of  the  current 
t      =  time 
X    =  wave  length 

c     =  velocity  of  electric  waves  =  3  X  10*^  cm.  per  second 
Subscripts  s  =  sending,  r  =  receiving,  a  =  antenna,  c  = 
coil. 
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In  Fig.  3  the  upper  heavy  line  represents  the  flat  top  of  the 
antenna,  and  the  lower  heavy  line  the  grounding  area.  Suppose 
a  current  is  flowing,  having  the  instantaneous  value  i  in  the 
vertical  portion.  The  magnetic  field  intensity  at  any  point 
due  to  a  varying  ciurent  is  different  from  that  due  to  a  steady 
current.  Consequently  the  field  cannot  t)e  calculated  in  the 
same  way  that  the  magnetic  field  intensity  of  a  straight  wire  is 
ordinarily  calculated.  When  the  ciurent  is  varying,  the  mag- 
netic field  intensity  is  calculated  by  the  aid  of  a  quantity 
called  the  vector  potential  in  such  a  way  that  the  variation 
with  time  is  taken  into  account.  The  instantaneous  value  of 
the  vector  potential  of  current  in  the  vertical  conductor  at  a 
distance  d  in  a  plane  perpendicular  to  the  conductor,  is 

A  .  J^  (.) 

where  [i]  indicates  that  for  any  time  t  the  value  of  i  is  taken  for 
the  instant  {t  —  d/c). 


T 
I 
I 


■^ 

a 


Fig.  3 — Calculation  op  Magnetic  Field  at  a  Distance  from  an 

Antenna 

Suppose  the  current  in  the  antenna  is  a  sine-wave  alternating 

current, 

i  =  7o  sin  CO  t  (2) 

.•.  [i]  =  lo  sin  (A)  (t—  d/c) 

J.        h  [i]  h  lo     .        f.       , ,  V  .,v 

A  =       \      =       ,     sm  CO  (/  —  die)  (3) 

The  magnetic  field  intensity  is  calculated  from  the  vector 
potential  by  the  general  relation  H|  =  0.1  curl  A,  which  for 
this  simple  case  of  a  straight  conductor  becomes 

the  direction  of  Hi  being  perpendicular  to  the  plane  of  h  and  d. 
From  equation  (3), 


1919]  DELLINGER:  RADIO  TRANSMISSION  1353 

This  equation  gives  the  magnetic  field  intensity  at  any  point 
P  at  a  distance  d  from  the  antenna.  The  second  term  repre- 
sents the  ordinary  induction  field  associated  with  the  current, 
while  the  first  term  is  the  radiation  field.  At  a  considerable 
distance  the  second  term  is  negligible  because  the  second  power 
of  d  occurs  in  the  denominator.  The  first  term  then  represents 
the  magnetic  field  radiated  from  an  antenna  at  the  distance  d 
from  the  antenna.  The  distance  d  is  measured  along  the 
earth's  surface,  because  the  waves  follow  the  curvature  of  the 
earth's  surface  instead  of  proceeding  straight  out  into  space. 
For  a  considerable  distance  from  the  antenna,  the  maximum 
value  of  the  magnetic  field  intensity  during  a  cycle  is  therefore 

rj  h  (JJ  lo 

tlo  = 


10  cd 

Expressing  in  terms  of  effective  values, 

«  =  -nrff  <•) 

Henceforth  H  means  the  radiated  field  unless  it  is  specifically 
stated  to  be  the  total  field.  The  last  equation  may  be  expressed 
in  terms  of  wave  length  instead  of  co  by  the  relation 

CO  2  TT 

=  -T-  (7) 


.-.H  = 


C  A 

2t      hi 


10       \d 


Using  the  subscript  s  to  indicate  that  it  is  the  sending  rather 
than  the  receiving  antenna  which  is  considered, 

rr         2  TT     h,  I, 

^  =  IT  TT  W 

This  derivation  follows  the  conceptions  presented  in  the 
early  pages  of  Lorentz,  "The  Theory  of  Electrons".  It  is 
equivalent  to  Hertz's  intricate  proof,  but  is  more  direct.  The 
way  in  which  the  result  is  expressed  here  accords  more  closely 
with  the  physical  ideas  and  with  actual  practise,  being  ex- 
pressed in  terms  of  current  rather  than  electric  charge,  since  it  a 
is  current  that  is  actually  measured  in  an  antenna  and  the        m 
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current  furthermore  is  generally  uniform  in  the  vertical  portion 
of  the  antenna. 

Formula  (8)  gives  the  radiated  magnetic  field  from  a  sending 
antenna  at  a  distance  d  along  the  earth's  surface.  The  units 
are  the  gilbert  per  cm.  for  H,  the  ampere  for  /,  and  the  centi- 
meter for  all  lengths,  as  previously  stated. 

Undamped  alternating  current  in  the  antenna  was  assiuned. 
The  same  result,  however,  is  obtained  if  the  current  is  damped. 
At  very  great  distances  from  the  sending  aerial,  the  magnetic 
field  is  less  than  that  calculated  by  formula  (8),  because  of 
absorption  of  the  power  of  the  wave  as  it  travels  along.  This 
may  be  taken  into  account  by  multipljing  the  right-hand 
member  of  (8)  by  a  correction  factor  Fi.  The  value  of  this 
factor  for  daytime  transmission  over  the  ocean,  derived  from 
the  experiments  of  L.  W.  Austin,  Scientific  Paper  of  the 
Bureau  of  Standards  No.  159;  1911,  is 

JTj   =    g- 0.000047  d/y/\  (9\ 


I 

h 

I 

I 

i-J 

P 
Fig.  4 — Calculation  of  Magnetic  Field  Radiated  from  a  Coil 

for  d  and  X  both  in  meters.  This  correction  ordinarily  needs 
to  be  applied  only  .when  the  distance  is  greater  than  100  kilo- 
meters. 

2.  Radiation  from  a  Coil 

It  was  formerly  the  belief  that  a  coil  could  not  radiate,  be- 
cause the  current  up  one  side  of  the  coil  (Fig.  4)  produces  a 
field  equal  and  opposite  to  that  down  the  other  side  of  the  coil. 
This  is  erroneous  because  the  two  equal  fields  are  not  exactly 
opposite.  The  phase  between  the  two  departs  from  180  deg. 
because  of  the  finite  time  required  for  the  field  to  be  propagated 
from  one  side  of  the  coil  to  the  other.  It  is  only  along  the  axis 
of  the  coil  that  the  calculated  radiation  is  zero.  The  actual 
resultant  field  radiated  from  the  coil  may  be  deduced  in  either 
of  two  very  simple  ways,  both  of  which  are  interesting  from  the 
physical  standpoint.  The  first  deals  with  the  instantaneous 
values  of  the  magnetic  field,  and  the  second  with  the  effective 
values. 


I 
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The  following  additional  symbols  are  used : 

*  I     =  horizontal  length  of  coil  aerial. 

N    =  number  of  turns  of  wire  of  coil  aerial. 
d    =  phase  angle  between  values  of  field  intensity  a  dis- 
tance I  apart  in  the  wave. 

*  First  Dedtiction.    Consider  a  rectangular  coil  of  height  h  and 
^                    horizontal  length  I.    The  magnetic  field  at  a  point  P  in  the  d 

direction  is  the  resultant  of  the  fields  arising  from  current  in 
i  the  two  vertical  sides  of  the  coil,  the  horizontal  sides  contribut- 

*  ing  nothing.    The  magnetic  field  at  P  due  to  any  one  of  the 

vertical  wires  of  the  coil  is  calculated  from  equation  (5)  above. 

^  Neglecting  the  second  terms,  because  d  is  large,  the  instantane- 

ous values  of  the  magnetic  field  (Fig.  4)  at  the  distance  d  and 
(d  —  I)  respectively  from  the  two  vertical  sides  are 

*  Hd  =  — Y^v — -1 —  cos  0)  {t—  d/c) 

t                                j^            .     hN  0)  lo                  /  *      d-  I  \ 
j  H,.,  =  +    io,(rf_^)    cos  CO  (f —) 

I  The  resultant  field  H«  is  the  algebraic  sum  of  these  two,  which 

f  becomes  since  (d  —  I)  is   very    nearly    d   when    d   is   large, 

*  „  feNco/oo-         /.       d-  1/2   \  .      0)1 

Ht  =  — z^jz — J —  2  sm  CO  I  ^ —  )  sm  -55 — 

10  cd  \  c        /        2c 


4 

I 
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The  effective  value  of  the  resultant  field  is 

rr  2     hN  0)  I     .       (jjI 

^  =  Ta J —  sm  -75 — 

10        cd  2  c 

Using  the  relations 

CO  2  TT 


,     .        0)  I  0)  I 

and  sm 


2c         2c   ' 

the  latter  holding  when  the  angle  is  small,  i.  e.,  I  small  compared 
with  the  wave  length. 
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This  is  the  radiated  magnetic  field  from  a  sending  coil  aerial 
at  a  distance  d  along  the  earth's  surface,  the  direction  of  d  being 
^  in  the  plane  of  the  coil.  The  imits  are  international  units 
as  stated  under  equation  (8).  The  deduction  assumes  that 
the  ground  below  the  coil  is  not  so  good  a  conductor  as  to  form 
an  image  of  the  coil.  Thus  the  formula  applies  to  a  radiatfaig 
coil  in  an  airplane  as  well  as  to  one  at  a  ground  or  ship  station. 

The  formula  applies  for  either  damped  or  undamped  current 
/,  in  the  sending  antenna.  For  very  great  distances  the  right- 
hand  side  of  the  formula  must  be  multiplied  by  the  distance 
correction  ifactor  Fi  given  in  (9),  the  same  as  for  a  radiating 
antenna.  A 

Second  Deduction.  The  radiated  mag- 
netic field  due  to  one  of  the  sides  of  the 
coil  is  iV,  Hi,  and  from  formula  (8),  NsH^ 


Hi  = 


2  TT       KL 


10        \d 


(11) 


Fig.    5  —  Phase 


If  the  two  vertical  sides  of  the  coil  coin- 
cide, their  magnetic  fields  would  be  equal 
and  opposite,  as  shown  by  the  lines  0  A  and 
0  B,  Fig.  5.  But  since  the  two  vertical  sides 
are  separated  by  the  distance  Z,  at  any 
instant  the  field  at  P  (Fig.  4)  from  the  left 
side  of  the  coil  has  traveled  a  distance  I  Relations  of  Maq- 
farthor  than  the  field  from  the  right  side.  ^^^'^'^  ^'^^^^  ^^^^■ 
If  then  N.  H,  is  the  field  at  P  due  to  the  ^"""^^  ^''''''  ^  ^""'^ 
right  side,  the  field  at  P  due  to  the  left  side  is  shifted  in 
phase  from  the  position  0  B  to  0  C  in  Fig.  5,  where  the  angle  d 
between  them  is  the  phase  angle  between  the  values  of  the 
field  a  distance  I  apart  in  the  wave. 

The  distance  I  is  the  same  fraction  of  the  wave  length  that 
the  angle  0  is  of  a  complete  cycle,  2  tt.     That  is. 


e 


27r 


=  /,/X 


or  0  =  2  TT  //X 

The  resultant  of  0  A  and  0  C  is  their  vector  sum. 


(12) 


H  =  iV.Hi  V2(l-cos0) 


(13) 
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When  6  is  small,  i.  e.,  I  small  compared  with  the  wave  length, 

H 


N.H, 


=  sin  0  =  0 


.-.  H  =  N.Hid  (14) 

Thus  the  radiated  magnetic  field  from  a  coil  is  equal  to  the  field 
from  one  side  of  the  coil  multiplied  by  the  phase  angle  0  cor- 
responding to  the  distance  I  between  the  sides  of  the  coil. 
From  (14)  and  (11), 

^  =  To \r  ^  ("^ 

This  equation,  together  with  (12),  gives  identically  formula  (10) 
obtained  by  the  first  deduction. 

It  was  assumed  in  these  deductions  that  the  current  was 
uniform  throughout  the  coil.  If  the  distributed  capacity  of 
the  coil  is  appreciable  the  current  in  the  coil  will  be  different  at 
different  points.  Thus  the  current  in  the  middle  may  be 
greater  than  at  the  ends.  This  also  may  give  rise  to  radiation 
from  the  coil,  but  is  an  entirely  separate  phenomenon  frdm  the 
phase  angle  between  the  two  sides  of  the  coil  which  has  been 
discussed.  This  question  of  distributed  capacity  requires 
consideration  particularly  when  coils  are  used  having  dimen- 
sions comparable  with  the  wave  length.  The  phenomenon  13 
discussed  further  under  "Antenna  Effect"  in  Sec.  VI  3  below. 

3.  Received  Current  in  an  Antenna 

The  current  flowing  in  the  receiving  aerial  circuit  when  the 
field  intensity  of  the  wave  traversing  the  aerial  is  known  can 
be  calculated  in  several  ways.  An  electromagnetic  wave  in 
space  has  both  an  electric  and  a  magnetic  field  intensity  which 
are  at  right  angles  to  each  other  and  to  the  direction  of  propa- 
gation of  the  wave.  The  two  field  intensities  are  related  to 
each  other  by 

S  =  300.  H  (16) 

where  'S  is  in  volts  per  cm.  and  H  in  gilberts  per  cm. 

The  following  additional  symbols  are  used  in  this  and  the 
following  section: 

^  =  electric  field  intensity 

E  =  electromotive  force  in  receiving  aerial 

R  =  resistance  of  receiving  aerial  circuit 

</>  =  magnetic  flux 
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First  Deduction.  The  electromotive  force,  and  thence  the 
current  produced  in  an  antenna  may  be  calculated  from  the 
principle  that  relative  motion  of  a  magnetic  field  and  a  con- 
ductor create  an  electromotive  force  in  the  conductor  whose 

value  is 

E  =  10-8  hr  He  (17) 

when  the  directions  of  the  field,  the  motion,  and  the  conductor 
are  mutually  perpendicular,  K  being  the  length  of  the  conductor 
and  c  the  velocity  of  the  relative  motion.  This  then  gives  the 
e.  m.  f .  in  an  antenna  of  height  hr,  produced  by  electromagnetic 
wave  having  magnetic  field  intensity  H  and  travelling  with  the 
velocity  of  c. 

In  ordinary  practise,  the  reactance  in  series  with  the  antenna 
is  varied  to  produce  resonance  to  the  frequency  of  the  incoming 
wave,  so  that 

/r    =    -^  (18) 

Inserting  for  c  its  value,  3  X  10^°  in  equation  (17). 

Ir  =  300  .  -^  (19) 

This  is  the  current  in  amperes  received  in  a  flat-top  antenna 
using  the  centimeter  as  the  unit  of  length,  with  resistance  of 
circuit  in  ohms,  and  the  magnetic  field  intensity  in  gilberts  per 
cm. 

The  received  ciurent  is  less  than  that  given  by  the  formula 
if  the  wave  is  damped,  since  an  undamped  alternating  field  was 
assumed  in  the  discussion.  For  a  damped  field  the  e.m.f. 
acting  on  the  aerial  is  similarly  damped  and  equation  (18)  does 
not  hold.  Correct  results  are  obtained  by  multiplying  the 
right-hand  side  of  formula  (19)  by  the  correction  factor  Fz 
obtained  as  follows: 

If  the  magnetic  field  intensity  and  hence  the  e.  m.  f.  has  the 
decrement  5',  the  effective  current  is  not  Ir,  defined  by  (18), 
but  another  value  which  we  shall  call  !„.  The  value  of  /,  may 
be  found  by  the  aid  of  the  generalized  definition  of  decrement 
given  in  the  author's  paper,  "The  Measurement  of  Radio- 
Frequency  Resistance,  Phase  Difference,  and  Decrement", 
Proe.  I.  R.  E.,  7,  p.  27;  Feb.  1919. 

For  decrements  smaller  than  about  0.2,  the  logarithmic 
decrement  is  one-half  the  ratio  of  the  average  energy  dissipated 
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per  cycle  to  the  average  energy  associated  with  the  current  at 
the  maximum  of  the  cycle. 
Taking  the  average  power  as  E^/R,  the  average  energy  dissi- 

pated  per  cycle  =     .  p    .    The    average    energy    associated 

with  the  current  at  the  maximum  of  each  cycle  =  L  7p^.  The 
energy-ratio  definition  of  decrement  just  given  applies  to  the 
sum  of  the  decrements  acting,  viz.,  the  decrement  5'  of  the 
e.  m.  f.  and  the  decrement  5  of  the  aerial  circuit.    The  value 

of  5  is  o-  FT-  •    Applying  the  decrement  definition 

_E' 
5'  +  5  = 


2L// 

E^'R 

2fLR^I,^ 

E^d 

R^I,^ 

E^        8 

I  ^  = 
'         R^-     S'  +  S 


From  the  relation,  EyR^  =  /r^ 


"  -^^  \    5' 


=   /r 


+  5         '      I  1  ^    600.  L  5' 


>!' 


R\ 


where  L  is  in  microhenries  and  X  is  in  meters. 

This  reduces  to  /p  =  Ir  when  5'  is  small  compared  with  5. 
Thus  in  the  particular  case  of  an  undamped  wave,  where 
5'  =  0,  no  correction  is  needed. 

Correct  results  are  obtained  from  equation  (19)  for  any 
damped  wave  by  multiplying  its  right-hand  member  by  the 
correction  factor  F2,  given  by 


^2  =        1    .   fion     r.y  (20) 


>j 


1  +  600  .L5' 
R\ 


1360  BELLI NOER:  RADIO  TRANSMISSION  [Oct.  1 

where  L  is  the  inductance  of  the  receiving  aerial  circuit  in 
microhenries  and  X  is  wave  length  in  meters,  and  8'  is  the  log- 
arithmic decrement  of  the  damped  wave  that  is  being  received. 
Second  Deduction.  The  same  formula  may  be  derived  from 
entirely  independent  consideration  of  the  electric  field  asso- 
ciated with  the  wave.  The  e.  m.  f.  between  two  points  in 
space  is  the  product  of  the  distance  between  them  by  the 
electric  field  intensity  along  the  line  joining  them.  Thus  the 
e.  m.  f .  produced  in  a  flat-top  antenna  is  S  times  the  height, 
the  direction  of  ^  being  assumed  to  be  vertical. 

E  =  hrS  (21) 

Inserting  the  value  of  ^^  from  (16)  and  dividing  by  the  resistance, 

Ir  =  300  .  -^  (22) 

This  is  identically  the  same  formula  obtained  above  from 
consideration  of  the  magnetic  field. 

4.  Received  Current  in  a  Coil 

The  current  in  a  receiving  coil  aerial  can  be  calculated  in  a 
number  of  different  ways,  all  very  simple  and  all  giving  the 
same  result.  The  first  conception  which  will  be  presented  is 
simply  that  an  e.  m.  f.  is  produced  in  the  circuit  by  the  time 
variation  of  magnetic  flux  through  it. 

The  other  modes  of  calculation  involve  the  phase  angle 
between  the  two  vertical  sides  of  the  coil.  The  e.  m.  fs. 
acting  in  the  two  vertical  sides  are  exactly  equal  and  oppose 
each  other  in  producing  a  current  around  the  circuit  when  the 
plane  of  the  coil  is  perpendicular  to  the  direction  of  propagation 
of  the  wave.  When  the  coil  is  turned  in  any  other  direction, 
however,  the  e.  m.  fs.  in  the  two  sides  are  not  exactly  opposite 
in  phase  because  of  the  difference  in  time  required  for  the  field 
to  be  propagated  to  one  side  of  the  coil  and  to  the  other.  The 
e.  m.  f.  can  be  calculated  either  from  the  electric  or  the  mag- 
netic field,  as  in  the  discussion  of  received  current  in  an  an- 
tenna. The  resultant  e.  m.  f.  can  be  found  either  from  the 
algebraic  sum  of  the  instantaneous  e.  m.  fs.  in  the  two  vertical 
sides  or  the  vector  sum  of  the  effective  e.  m.  fs.  These  two 
methods  are  used  in  the  second  and  third  deductions  respec- 
tively, below. 

The  phase  angle  between  the  two  sides  of  the  coil  is  a  very 
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diflferent  thing  from  the  phenomenon  caused  by  the  distributed 
capacity  of  the  coil.  It  is  assumed  in  the  deductions  given 
here  that  the  current  is  uniform  in  all  parts  of  the  coil,  which  is 
not  true  when  the  distributed  capacity  is  appreciable.  Such 
capacity  is  large  in  coils  of  dimensions  comparable  with  the 
wave  length,  and  in  such  cases  consideration  must  be  given  to 
the  separate  and  additional  phenomenon  of  distributed  capac- 
ity. 

First  Deduction,  Assuming  that  the  dimensions  of  the  coil 
are  small  compared  with  the  wave  length,  the  magnetic  field 
intensity  is  practically  uniform  throughout  the  coil.  When 
the  plane  of  the  coil  is  parallel  to  the  direction  of  propagation 
of  the  wave,  the  e.  m.  f.  induced  in  the  coil  is 

E  =  10-8  ^  0 

Now,   4)    =    fxhrlrNrH 

Since  the  permeability  fx  =  1,  and  Ir  =  E/R  because  in  ordi- 
nary practise  the  condenser  in  series  with  the  coil  is  adjusted 
to  produce  resonance  with  the  frequency  of  the  incoming  wave, 

/^    =    10-8   ^^    =    10-8    (^hrlrNrH 


R  R 

O         -  1A-8     hrlrNrH 
2  T  C  10   8  - 


R\ 

I^  =  600  .  TT  ^'  ^^^^  ^  ^  (23) 

This  is  the  current  received  in  a  rectangular  coil  aerial  of  N 
turns,  with  its  plane  parallel  to  the  propagation  of  the  wave. 
The  units  are  international  units  as  stated  under  formula  (19). 
No  image  is  assumed  in  the  ground,  so  the  formula  applies  not 
only  to  a  receiving  coil  at  a  ground  or  ship  station  but  also  to 
an  airplane  direction  finder.  The  heights  at  which  airplanes 
fly  are  such  that  the  field  of  the  wave  is  usually  not  much 
different  from  its  value  at  the  groimd. 

There  are  two  correction  factors  that  may  need  to  be  applied 
to  this  formula,  both  of  which  make  the  result  smaller.  If  the 
wave  is  damped,  the  right-hand  side  of  the  formula  should  be 
multiplied  by  the  decrement  correction  factor  F2,  given  by  (20), 
the  same  as  for  a  receiving  antenna. 

When  the  plane  of  coil  is  in  some  direction  other  than  parallel 
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to  the  direction  of  propagation  of  the  wave,  the  right-hand  side 

of  formula  (23)  must  be  multiplied  by  the  direction  correction 

factor  Fz  given  by 

F,  =  cos  a  (24) 

where  a  is  the  angle  between  the  direction  of  propagation  of  the 
wave  and  the  plane  of  the  coil. 

Second  Deduction,  The  e.  m.  f.  produced  in  any  one  of  the 
vertical  wires  of  the  coil  is  given  by  either  equation  (17)  or  (21) 
above,  deduced  from  considerations  of  the  action  of  the  mag- 
netic and  the  electric  field  intensity,  respectively.  Each  of 
these  equations  reduces  to 

El  =  300.  KH  (25) 

The  instantaneous  e.  m.  f.  in  either  of  the  two  vertical  sides  of 
the  coil  is  therefore 

e'  =  300  hr  Nr  Ho  cos  oj  t 

The  instantaneous  e.  m.  f .  in  the  other  side  of  the  coil  is  pro- 
duced by  the  magnetic  field  existing  in  the  wave  a  distance  I 
away,  when  the  plane  of  the  coil  is  parallel  to  the  direction  of 
propagation  of  the  wave.  This  e.  m.  f.,  e",  has  the  same 
direction  in  space  but  the  opposite  direction  as  far  as  producing 
current  around  the  circuit  is  concerned. 

e''  =  -  300   .  hr  Nr  Ho  cos  {t  -  l/c) 

The  resultant  e.  m.  f.  in  the  circuit  is  the  algebraic  sum  of 
these  two, 

6  =  300  .  hr  Nr  Ho2smo)(t  -  ^^)  sin  -~^ 

The  effective  value  of  the  resultant  e.  m.  f.  is 

0)  I 


E  =  600  .  hr  Nr  H  sin 


2c 


Since  when  the  angle  is  small,  i.  e.,  I  small  compared  with  the  * 
wave  length, 

0)  I  0)  I  I 


sm  -s —  =  -o —  =  ^ 
2c  2  c  A 

E  =  600    .  TT    ^'  '^'^^  ^  (26) 

Dividing  by  R,  this  gives  the  identical  value  of  Ir  obtained  in 
(23)  by  the  first  mode  of  deduction. 
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Third  Deduction.  The  e.  m.  f .  produced  in  one  of  the  sides  of 
the  coil  is  Nr  Ei,  where  from  either  equation  (17)  or  (21)  above, 
i.  e.,  from  consideration  of  either  the  magnetic  or  the  electric 
field  intensity,  respectively, 


El  =  300  .hrH 


(25) 


If  the  two  vertical  sides  of  the  coil  coincided,  the  e.  m.  fs. 
produced  in  them  would  be  equal  and  exactly  neutralize  each 
other,  as  shown  by  the  lines  0  A  and  0  B,  Fig.  6.  But  since 
the  two  vertical  sides  are  separated  by  the  distance  I,  at  any 
instant  the  field  acting  on  one  side  of  the  coil  has  traveled  a 
A  distance  I  farther  than  that  acting  on  the  other 

side.  If  then  Nr  Ei  is  the  e.  m.  f.  in  one  side 
of  the  coil,  the  e.  m.  f .  in  the  other  side  is 
shifted  in  phase  from  the  position  0  B  to  the 
position  0  C  in  Fig.  6,  where  the  angle  6  be- 
tween them  is  the  phase  angle  between  the 
values  of  the  field  a  distance  I  apart  in  the 
wave. 

The  distance  I  is  the  same  fraction  of  the 
wave  length  that  the  angle  0  is  of  a  complete 
cycle,  2  tt,  i.  e., 


N 


d 


Ir 


31 ,  "^ 
B 

Fkj.  G — Phase 
Relations  of 
Electromotive 
Forces  in  Re- 
ceiving Coil 


(27) 


2ir  X 

The  resultant  of  0  A  and  0  C  is  their  vector 
sum 

E  =  NrEi  V2il-cosd)  (28) 

When  6  is  small,  t.  e.,  I  small  compared  with  X 


E 


=  sin  d  =  0 


From  (25), 


NrE, 

.'.E     =   NrEid 

E  =300hrNrH  e 


(29) 


(30) 


Thus  the  e.  m,  f.  acting  in  the  coil  is  equal  to  the  e.  m.  f.  in  one 
side  of  the  coil  multiplied  by  the  phase  angle  d  corresponding 
to  the  distance  I  between  the  sides  of  the  coil. 

Equations  (27)  and  (30)  combined  give  (26)  and  by  dividing 
by  R  formula  (23)  is  obtained. 
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iii.   discussion  of  theory  of  radiation  and 

reception 

1.  Distinction  between  Induction  and  Radution 

Certain  fallacies  which  have  appeared  in  text-books  and 
discussions  arise  from  insuflScient  understanding  of  the  differ- 
ence between  an  induction  field  and  a  radiation  field.  Such 
fallacies  are: 

a.  An  "open"  circuit  can  radiate,  while  a  "closed"  circuit 
can  not. 

b.  There  is  no  radiation  from  a  circuit  at  low  frequencies. 

c.  Induction  and  radiation  are  the  same  phenomenon. 

d.  The  action  of  an  antenna  differs  from  that  of  a  coil  aerial 
in  that  the  former  is  due  to  electrostatic  fields  and  the  latter  to 
magnetic  fields. 

These  fallacies  will  now  be  discussed.  Fallacy  c  has  led  to 
the  supposition  that  the  radiation  and  reception  of  electric 
waves  can  be  taught  in  terms  of  transformer  action.  It  should 
not  be  diflScult  to  separate  the  two  ideas,  for  there  is  a  definite 
and  clear  distinction  between  the  field  due  to  induction  and  that 
due  to  radiation.  The  total  magnetic  field  at  a  distance  d 
from  a  radiating  antenna  is,  from  equation  (5) 

Tj  _   2  IT     KI,  j       h,I,  .^-. 

^  "  IT    Xd     "^  10      d«  ^^^^ 

where  j  indicates  that  the  two  terms  differ  in  phase  by  90  deg. 
The  first  term  represents  the  radiation  field  and  the  second  term 
the  induction  field.  The  fact  that  one  contains  Xd  in  the 
denominator  while  the  other  contains  d^  makes  them  radically 
different  in  nature.  This  gives  the  mathematical  distinction 
between  induction  and  radiation.  The  physical  difference  is 
discussed  in  Sec.  3  below. 

The  radiation  field  becomes  relatively  more  important  than 
the  induction  field  as  the  distance  d  is  increased  or  as  the  wave 
length  is  diminished  (i.  e.,  the  frequency  increased).  The 
question  whether  radiation  or  induction  predominates  in  any 
given  case  can  be  settled  by  calculation  from  the  formula. 
Thus,  the  two  fields  are  equal  at  a  distance 

For  points  closer  to  the  antenna  than  this  the  induction  field 
predominates.  For  points  farther  away,  the  radiation  field 
predominates  and  the  induction  field  falls  off  rapidly  with 
distance  and  becomes  negligible. 
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Certain  early  experiments  in  wireless  signalling  used  true 
induction,  e.  g.,  the  induction  telegraphy  of  Preece  and  of 
Dolbear.  When  higher  frequencies  were  used  by  later  experi- 
menters, signals  of  appreciable  strength  were  received  at 
distances  of  several  wave  lengths.  These  were  genuine  radia- 
tion signals,  now  commonly  called  radio. 

2.  Is  Radiation  Limited  to  High  Frequencies? 

The  answer  to  this  should  be  obvious  from  formulas  (8)  and 
(10).  The  radiated  field  does  not  become  zero,  no  matter  how 
great  X  is.  For  alternating  current  of  any  frequency,  no  matter 
how  low,  radiation  takes  place  from  the  circuit.  To  be  sure, 
the  radiation  is  greater  the  higher  the  frequency,  so  that  high- 
frequency  circuits  are  better  radiators  than  low-frequency 
ones,  and  this  is  all  the  basis  there  is  for  the  mistaken  idea  that 
only  high-frequency  circuits  radiate. 

This  applies  to  radiation  from  a  coil  as  well  as  from  an 
antenna.  It  has  sometimes  been  stated  that  a  coil  will  not 
radiate,  the  statement  being  put  in  the  form  that  only  "open'' 
'  circuits  radiate.  The  statement  is  doubly  faulty  since  elec- 
tricity can  flow  only  in  closed  circuits.  The  meaning  intended 
by  "open"  circuit  is  a  circuit  containing  a  condenser  of  open 
form,  that  is,  with  two  plates  well  separated.  There  are  two 
misconceptions  at  the  base  of  the  belief  that  a  "closed"  circuit 
or  one  not  containing  a  condenser  would  not  radiate.  In  the 
first  place,  some  have  doubtless  thought  that  waves  would  be 
started  in  the  ether  only  by  an  electrostatic  disturbance  and 
thus  could  not  be  produced  by  a  metallically  closed  circuit. 
Or,  supposing  it  was  understood  that  a  magnetic  disturbance 
in  the  ether  would  send  out  a  wave  just  as  readily  as  an  electro- 
static disturbance,  it  may  have  been  thought  that  the  radiation 
from  one  side  of  the  circuit  would  be  neutralized  from  thlat 
from  the  opposite  side.  As  has  already  been  shown  in  this 
paper,  the  two  disturbances  do  not  exactly  neutralize  each 
other,  on  account  of  the  finite  time  of  propagation  from  one 
side  of  the  circuit  to  the  other,  and  the  resultant  is  what  gives 
rise  to  the  radiation  from  a  metallically  closed  circuit. 

3.  Equivalence  of  Electrostatic  and  Magnetic  Fields 

IN  A  Wave 

The  physical  distinctions  between  radiation  and  induction 
are:    (a)  the  latter  is  fixed  in  space  and  the  former  moves 
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through  space  with  the  velocity  of  light,  and  (b)  in  the  case  of 
radiation  the  magnetic  iBeld  is  always  accompanied  by  an 
electrostatic  field  of  value 

<?  =  300  .  H  (16) 

and  vice  versa,  whereas  in  the  case  of  induction  there  is  no 
fixed  relation.  It  is,  of  course,  true  that  whenever  magnetic 
induction  varies  an  electrostatic  field  is  produced,  and  similarly 
whenever  electrostatic  induction  varies  a  magnetic  field  is 
produced.  But  it  is  only  in  a  radiated  wave  that  these  varia- 
tions take  place  in  such  a  way  that  one  can  be  calculated  from 
the  other  by  the  fixed  relation  (16).  When  there  is  a  fixed 
electrostatic  field  associated  with  a  circuit  which  does  not  vary, 
the  magnetic  field  associated  with  this  electrostatic  field  is 
zero,  and  vice  versa. 

In  a  radiated  wave,  then,  the  electrostatic  and  naagnetic 
field  are  no  longer  independent  phenomena  but  are  strictly 
equivalent.  Indeed,  they  are  but  two  aspects  of  the  same 
thing.  Perhaps  this  will  be  clearer  from  the  analogy  of  a  sound 
wave.  In  a  mechanical  apparatus,  elastic  action  and  inertia 
act  independently  in  various  parts  of  the  apparatus.  In  a 
sound  wave,  however,  the  effects  of  elastic  action  and  inertia 
are  mutual  parts  of  a  single  phenomenon,  the  sound  wave. 

In  considering  any  effect  of  the  electromagnetic  wave,  it  is 
equally  permissible  to  consider  the  electrostatic  or  the  magnetic 
field  associated  with  the  wave.  They  are  equivalent  and  lead 
to  the  same  result.  This  has  been  amply  demonstrated  above 
in  this  paper.  The  current  received  in  an  antenna,  calculated 
from  the  electrostatic  field,  was  exactly  the  same  as  calculated 
from  the  magnetic  field.  The  same  agreement  was  found  for 
the  coil  aerial.  This  disposes  of  the  question  whether  the 
current  produced  in  an  antenna  or  a  coil  aerial  is  caused  by  the 
electrostatic  or  the  magnetic  field  present  in  the  wave,  or  both. 

Complete  discussions  of  electromagnetic  waves  are  given  in 
such  treatises  as  Maxwell,  ''Electricity  and  Magnetism*',  1873; 
Jeans,  "Electricity  and  Magnetism'',  1907;  Lorentz,  "The 
Theory  of  Electrons",  1909. 

4.  What  Radiation  Is 

It  has  been  shown  that  radiation  differs  from  induction  by  a 
definitely  calculable  amount,  that  either  kind  of  circuit  radiates 
at  any  frequency,  that  there  are  both  an  electrostatic  and  a 
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magnetic  field  present  in  every  wave,  having  a  constant  ratio, 
and  that  any  effect  of  the  wave  may  be  considered  as  due  either 
to  the  electrostatic  or  the  magnetic  field  of  the  wave. 

Radiation  is  the  moving  disturbance  of  the  ether,  the  energy 
associated  with  which  does  not  return  to  the  radiator. 

This  conception  leads  to  more  correct  ideas  than  are  current 
on  the  mechanism  of  radiation  from  an  antenna;  and  permits 
explanation  of  the  radiation  from  a  coil  aerial,  which  is  not 
covered  at  all  by  the  usual  explanations  of  radiation  in  text- 
books. Such  explanations  have  led  to  the  impression  that  the 
radiation  largely  depends  on  the  form  of  the  electrostatic  lines 
of  force  which  are  present  at  the  edges  of  the  radiator.  It 
might  thus  be  supposed  that  in  a  flat-top  antenna  or  a  con- 
denser aerial  the  current  in  the  central  portions  of  the  condenser 
was  not  effective  in  causing  radiation  while  only  that  which 
spread  into  the  surrounding  space  from  the  edges  was  effective. 
This  appears  incorrect.  If  it  were  correct,  the  builders  of  long 
flat-top  antennas  must  have  wasted  a  great  deal  of  wire.  All 
of  the  dielectric  current  sends  a  moving  disturbance  out  into 
the  ether.  The  portion  of  the  energy  associated  with  this 
disturbance  that  does  not  return  to  the  radiator  is  that  con- 
nected with  the  first  term  of  equation  (31).  In  this  term  the 
total  antenna  current  appears.  The  radiation  is  the  moving 
disturbance  caused  by  the  whole  of  the  current  which  the  an- 
tenna makes  flow  in  the  dielectric. 

The  ordinary  treatment  of  the  mechanism  of  radiation  from 
an  antenna  is  misleading  also  because  it  deals  with  radiation  at 
the  fundamental  wave  length.  In  practise,  antennas  are 
usually  loaded.  The  radiation  depends  to  no  degree  whatso- 
ever on  the  value  or  location  of  any  of  the  field  lines  attached 
to  the  aerial,  but  only  on  the  variation  of  the  lines.  And  oil 
the  lines  when  varying  give  rise  to  radiation.  Thus  the  sta- 
tionary field  is  given  by  the  second  term  of  formula  (31),  the 
first  is  the  radiation  term,  and  they  are  independent. 

iv.   comparison  formulas 
1.  Derivation  from  Theoretical  Formulas 

Formulas  are  here  derived  to  answer  the  practical  question 
of  how  far  a  given  coil  will  send  or  receive  in  comparison  with  a 
given  antenna.  The  formulas  also  answer  such  questions  as 
the  length  of  a  coil  aerial  required  to  give  a  particular  ratio  of 
performance  of  coil  and  antenna. 
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The  ratio  of  the  magnetic  field  radiated  from  a  current  coil 
to  that  from  an  antenna,  for  a  given  sending  current,  distance, 
wave  length,  and  height,  is  obtained  from  equation  (13).  The 
ratio  of  the  distance  from  a  coil  to  that  from  an  antenna,  at 
which  a  given  magnetic  field  is  produced,  is  the  same  as  the 
ratio  of  the  magnetic  field  produced  by  a  coil  to  that  produced 
by  an  antenna  at  a  given  distance.  Either  ratio  is  therefore 
given  by  the  following  expression,  which  assumes  the  same 
current  7„  wave  length  X,  and  height  A„  for  the  coil  and  the 
antenna, 

dc/da  =  N.  V2(l- cosfl) 
Inserting  the  value  of  d  and  neglecting  the  subscript  s. 


dc/da  =  iV  V  2  (1  -  cos  2  TT  Z/X)  (32) 

When  the  length  of  the  coil  I  is  small  compared  to  X  (i.  e., 
for  most  practical  purposes,  less  than  0.1  X),  this  simplifies  to 

dc/da  =  6.2SNl/\  (33) 

This  could  have  been  deduced  directly  from  (8)  and  (10). 
The  expression  is  similarly  deduced  for  comparison  of  the  dis- 
tances obtained  with  a  coil  and  an  antenna  of  different  heights, 

dc/da  =  6.28  Nl/\  hc/ha  (34) 

The  length  of  a  coil  required  to  give  a  particular  ratio  of 
performance  to  an  antenna  is  given  by  solving  these  formulas 
for  I.    From  (32), 


«=2V--(i-^V[-srJ) 


(35) 


When  the  length  of  the  coil  is  small  compared  to  X,  the  simpler 
formula  suffices, 

I  =  0.16  \/N dc/da  (36) 

The  relative  distances  at  which  an  antenna  or  a  coil  will 
receive  a  given  wave  are  given  by  the  same  identical  expressions 
that  have  just  been  deduced  for  sending  aerials.  Thus  formula 
(32)  may  be  deduced  from  (28)  and  (33)  from  (19)  and  (23). 
They  give  the  ratio  of  the  distance  from  the  source  at  which  a 
given  e.  m.  f .  will  be  produced  in  a  coil  aerial  to  that  in  an 
antenna,  assuming  the  same  height  hr  and  wave  length  X  for 
the  coil  and  the  antenna.  They  also  give  the  ratio  of  the  e.  m.  f . 
produced  in  a  coil  to  that  in  an  antenna  for  a  given  value  of 
magnetic  field  intensity,  or  the  ratio  of  currents  when  the 
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resistances  and  other  quantities  are  the  same  in  coil  and  an- 
tenna*. Equations  (34),  (35),  and  (36)  similarly  hold  for  receiv- 
ing as  well  as  sending  aerials.  For  comparison  of  current  in  a 
coil  and  an  antenna  of  different  resistances  as  well  as  different 

heights 

djda  =  6.28  Nl/\   hc/ha   Ra/Rc  (37) 

The  relative  distance  of  transmission  between  two  coil 
aerials  and  between  two  antennas,  for  a  given  sending  current, 
is  similarly  found  from  equations  (8),  (10),  (19),  and  (23). 
The  ratio  of  received  current  for  coils  and  antennas  the  same 
distance  apart  is  given  by  the  same  formula,  which  assumes  the 
same  sending  current  7.  and  wave  length  X  for  the  pair  of  coils 
as  for  the  pair  of  antennas. 


'ce 


^^Q    ^MlHiEl       (*-*r)C         R< 


*aa 


X^  Qlt  hr)  d       Re  C3g\ 

All  of  these  formulas  assume  that  the  decrement  correction 
factor  F2  is  the  same  for  coil  and  antenna  in  all  cases.  If 
waves  of  different  decrement  are  used,  apply  the  factor  F2  as 
stated  in  connection  with  (20).  If  the  plane  of  the  coil  con- 
sidered is  not  parallel  to  the  direction  of  propagation  of  the 
wave,  apply  the  factor,  cos  a,  as  stated  in  connection  with  (24) . 

2.  Examples  of  Comparison  of  Coil  and  Antenna 

What  is  the  length  of  the  coil,  either  as  sender  or  receiver, 
equivalent  to  an  antenna  of  the  same  height?  The  answer  is 
given  by  (36).     For  dc/da  =  1, 

I  =  0.16X/iV  (39) 

This  is  the  correct  length  except  for  a  single-turn  coil.  Then 
N  =  1  the  more  exact  formula  (35)  must  be  used.  This  gives, 
for  the  equivalent  coil, 

Z  =  1/6  X 

Thus  a  single-turn  coil  of  length  1/6  the  wave  length  is  equiva- 
lent to  an  antenna  of  the  same  height.  For  a  coil  of  8  turns, 
however,  the  length  of  the  coil  equivalent  to  an  antenna  of  the 
same  height  is,  from  (39),  0.02  of  the  wave  length. 

When  the  length  of  the  coil  is  small  compared  with  the  wave 
length,  i.  e.,  as  already  stated,  I  less  than  about  0.1  X,  the 
performance  ratio  is  given  by  (33).  For  a  length  greater  than 
0 . 1  X,  however,  the  more  accurate  formula  (32)  must  be  used. 
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Thus,  when  the  length  is  exactly  a  sixth  of  a  wave  length,  from 

(32), 

dc/da  =  N 

Thus  any  coil  of  length  1/6  the  wave  length  is  equivalent  to  an 
antenna  of  N  times  the  height  of  the  coil.  When  the  length 
of  the  coil  is  a  quarter  wave  length,  similarly 

dc/da  =  V2N 

For  a  coil  of  length  equal  to  half  the  wave  length, 

dc/da  =  2  iV 

This  is  the  maximum  or  best  performance  for  a  coil  aerial. 
If  the  length  is  increased  beyond  a  half  wave  length,  the 
performance  ratio  decreases,  and  at  Z  =  X  it  is  equal  to  0  just 
the  same  as  for  I  =  0. 

These  values  of  the  performance  ratio  of  a  coil  aerial  are 
obvious  from  Fig.  5  or  6. 

These  comparisons  all  apply  to  either  transmitting  or  receiv- 
ing aerials.  They  assume,  however,  in  the  case  of  a  transmit- 
ting antenna  or  coil,  that  the  same  current  flows;  and,  when 
applied  to  receiving  aerials,  that  the  resistance  is  the  same  in 
either  coil  or  antenna.  As  a  matter  of  fact,  however,  it  is 
easy  to  secure  a  considerably  lower  resistance  in  a  coil  aerial 
circuit  than  in  an  antenna  circuit.  This  is  taken  account  of  by 
the  factor  Ra/Rc  as  in  (37)  and  (38).  The  difference  in  current 
in  a  transmitting  coil  and  antenna  is  taken  account  of  by  multi- 
plying the  right-hand  members  of  (32)  and  (33)  by  the  ratio 
of  the  sending  currents  Ic/Ia-  On  this  account  a  coil  is  some- 
times a  more  efi'ective  radiating  or  receiving  device  than  an 
antenna  of  considerably  greater  dimensions. 

The  comparison  formulas  and  conclusions  drawn  from  them 
are  subject  to  the  same  errors  as  the  transmission  formulas,  as 
discussed  in  Sec.  V  2  below. 

3.  The  Condenser  Aerial 

Since  the  dimensions  of  a  coil  aerial  which  would  give  the 
same  performance  as  a  given  antenna  are  a  length  equal  to 

0.16 


N 


times  the  wave  length  and  a  height  equal  to  the  an- 


tenna height,  rather  large  structures  are  required.  For 
example,  a  flat-top  antenna  30  meters  above  the  ground 
operating  on  a  600-meter  wave  is  equivalent  to  a  four-turn 
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coil  24  meters  long  by  30  meters  high.  The  dimensions  of 
the  equivalent  coil  are  thus  of  the  same  order  as  the  dimensions 
of  the  antenna. 

It  is  possible  to  escape  from  the  apparent  necessity  of  large 
structures  for  effective  radio  transmission  and  reception  in  two 
ways.  First,  the  coil  aerial  can  easily  be  made  to  have  a  lower 
resistance  than  the  antennas  ordinarily  used,  and  its  size 
reduced  in  proportion  to  the  reduction  of  resistance.  This  is 
mainly  because  the  condenser  used  in  the  coil  aerial  circuit  can 
be  one  having  practically  no  resistance  while  the  condenser 
consisting  of  antenna  and  groimd  has  a  large  resistance.  Thus 
by  due  attention  to  the  minimizing  of  resistance  in  its  circuit, 
the  coil  aerial  may  be  of  small  dimensions  and  yet  highly 
effective.  The  size  may,  of  course,  be  reduced  also  in  propor- 
tion as  the  number  of  turns  is  increased. 

It  is  equally  possible  to  avoid  an  aerial  of  large  dimensions 
without  having  recourse  to  a  coil  aerial.  The  alternative  is  to 
use  the  antenna  principle,  but  use  a  special  construction  of 
much  lower  height.  At  first  sight  it  would  appear  that  this 
would  make  a  poorer  antenna,  since  the  effectiveness  is  pro- 
portional to  the  height,  according  to  either  (8)  or  (19).  And 
this  is  true  if  the  antenna  is  merely  lowered  a  moderate  amount. 
Such  lowering  increases  the  capacity  only  very  slightly,  not 
nearly  in  proportion  to  the  decrease  in  height.  In  order  to 
secure  an  appreciable  gain  it  is  necessary  to  have  the  height 
very  small  and  use  a  special  construction  to  reduce  the  resist- 
ance as  much  as  possible.  A  good  method  is  to  replace  the 
ordinary  antenna-ground  structure  jn  which  the  antenna  is  one 
plate  of  a  condenser  and  the  ground  the  other  plate,  by  an 
aerial  consisting  of  two  horizontal  metal  condenser  plates. 
This  may  be  called  a  "condenser  aerial".  The  formulas 
derived  for  antennas  apply  to  it. 

Such  an  aerial  has  lower  conductor  resistance  tiian  the 
ordinary  antenna,  and  since  it  has  greater  capacity  a  small 
inductance  will  be  used  in  series  with  it  which  will  also  have 
smaller  resistance  and  thus  reduce  the  resistance  of  the  circuit. 
Furthermore,  the  resistance  of  an  antenna  largely  arises  from 
the  imperfect  dielectrics,  such  as  vegetation,  buildings,  and 
poor  insulators,  present  in  its  field  (as  shown  in  Scientific  Paper 
of  the  Bureau  of  Standards  No.  269,  by  J.  M.  Miller),  and  the 
resistance  from  the  grounding  wires  to  ground.  These  can  be 
eliminated  in  a  condenser  aerial.    Finally,  then,  the  resistaxici^ 
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of  the  aerial  circuit  can  be  reduced  to  more  than  compensate 
for  the  reduction  in  height.  This  will  result  in  a  larger  current 
Ir  in  formula  (19),  or  in  a  larger  H  in  formula  (8)  because  of 
the  increase  of  the  sending  current. 

The  advantage  of  the  very  low  antenna  has  been  observed  in 
the  experiments  of  the  Kiebitz  and  others  on  so-called  earth 
antennas.  It  is  probable  that  still  greater  advantages  would 
be  obtained  by  the  condenser  aerial  as  here  described.  The 
special  construction  required  to  eliminate  dielectric  loss  would 
involve  making  the  lower  plate  considerably  wider  and  longer 
than  the  upper  plate,  or  else  having  both  plates  a  considerable 
distance  above  the  ground,  and  keeping  the  space  between  the 
plates  free  from  poor  dielectrics.  An  aerial  consisting  of  a 
pair  of  metal  plates  elevated  from  the  ground  was  used  and  des- 
cribed by  Oliver  Lodge  in  1897,  and  again  by  Lodge  and  Muir- 
head  in  Proc.  Royal  Soc,  82,  p.  227;  1909,  who  found  that  it 
worked  best  without  being  grounded.  The  author  is  informed 
that  the  same  sort  of  an  aerial  has  recently  been  tried  on  air- 
planes, using  the  upper  and  lower  planes  as  the  condenser 
plates.  Such  an  aerial  would  be  ideal  for  airplanes  if  the 
space  between  could  be  kept  free  from  poor  dielectrics.  If  the 
plates  of  the  condenser  aerial  have  their  length  and  width 
approximately  equal,  the  aerial  radiates  in  all  directions.  If 
a  long  narrow  condenser  is  used  it  would  probably  be  very 
directional,  both  as  a  transmitting  and  receiving  device.  Such 
a  condenser  might  consist  of  a  pair  of  parallel  wires,  which 
would  be  a  considerable  improvement  on  the  ground  antenna. 

An  example  will  make  clear  how  the  size  of  the  condenser 
aerial  compares  with  other  aerials.  It  was  found  above  that 
antenna  30  meters  high  was  equivalent  to  a  four-turn  coil  24 
meters  long  by  30  meters  high,  both  operating  on  a  600-meter 
wave  and  with  circuits  of  the  same  resistance.  For  the  same 
wave  length  and  with  an  inductance  of  100  microhenries,  in 
series,  the  capacity  of  a  condenser  aerial  would  need  to  be 
0 .  00102  microfarad,  which  would  be  given  by  a  pair  of  square 
plates  1  meter  apart  and  10 . 7  meters  on  a  side.  The  height  is 
thus  reduced  in  the  ratio  of  about  25  to  1,  and  the  horizontal 
dimensions  3  to  1  in  comparison  with  the  coil  aerial. 

The  aerial  can  be  made  as  small  as  desired.  If  a  given  coil 
is  to  be  used  in  series,  the  capacity  of  the  aerial  is  maintained 
constant  by  reducing  the  distance  between  the  plates  when 
the  area  of  the  plate  is  reduced.  The  author  made  some 
interesting  experiments  with  a  small  condenser  aerial  as  a 
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receiving  device,  used  inside  the  laboratory  with  no  ground 
connection.  The  plates  consisted  of  copper  netting.  The  top 
plate  was  250  cm.  square  and  the  distance  between  them  was 
15  cm.  The  signals  received,  with  either  a  crystal  detector  or 
electron  tube,  were  roughly  of  the  same  intensity  as  those 
received  with  a  simple  coil  aerial  of  the  type  and  size  ordinarily 
used  as  a  direction  finder. 

The  indication  of  absolute  direction  of  propagation  of  the 
waves  as  well  as  line  of  propagation  which  has  been  developed 
by  French  and  other  workers,  using  combinations  of  ordinary 
antenna  and  coil  aerials  was  observed  in  the  eacperiments  on 
the  condenser  aerial.  An  inductance  coil  of  rather  large  dimen- 
sions used  in  series  with  the  condenser  acted  as  a  receiving 
aerial.  As  this  coil  was  rotated,  the  signal  varied  from  maxi- 
mimi  in  one  angular  position  to  zero  in  a  position  180  deg. 
from  the  first,  instead  of  90  deg.  as  occurs  when  a  coil  aerial  is 
used  independently  of  any  antenna  action.  Apparently  the 
action  of  the  condenser  aerial  reinforced  that  of  the  coil  in  one 
position  and  neutralized  it  in  the  opposite  position.  When 
the  connections  to  the  coil  were  interchanged,  the  effect  shifted 
180  deg.  Reversing  the  connections  of  the  coil  reverses  the 
e.  m.  f .  in  the  coil,  E,  in  Fig.  6,  just  as  a  reversal  of  the  direction 
of  the  wave  would  do,  whereas  the  direction  of  the  e.  m.  f.  in 
the  antenna  or  condenser  aerial  is  unchanged.  The  reason  why 
the  condenser  e.  m.  f .  can  neutralize  the  coil  e.  m.  f .  is  probably 
that  the  capacity  of  the  coil  introduces  different  values  of 
reactance  to  the  two  e.  m.  fs.  Thus,  when  the  circuit  is  tuned 
for  one  of  these  e.  m.  fs.  the  currents  due  to  the  two  differ  90 
deg.  in  phase.  This  phase  angle  may  be  shifted  180  deg.  by  a 
very  slight  variation  of  the  reactance  of  the  circuit.  Because 
of  this,  systems  for  determining  the  absolute  direction  of  radio 
waves  require  very  dehcate  adjustment. 

The  ordinary  laboratory  type  of  condenser  used  in  radio 
circuits  does  not  function  as  a  condenser  aerial.  This  is  be- 
cause the  interieaving  of  the  plates  results  in  the  current  in 
each  portion  of  the  dielectric  being  balanced  by  the  current  in  a 
neighboring  portion.  This  is  discussed  further  below  in  Sec. 
VI  3  and  illustrated  in  Fig.  17. 

v.   transmission  formulas 
1.  Statement  op  Formulas 
The  current  received  in  any  serial  may  be  calculate  \Ti\«rcB& 
x)f  the  current  in  any  tr^ji^fa}tt\fig  aerial,  evtYiet  ^xA«mc^  «  ^^ 
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by  the  following  four  formulas.    They  are  derived  by  combin- 
ing equations  (8),  (10),  (19),  and  (23).    The  symbols  are  as 
previously  given,  also  stated  in  the  Appendix  below. 
Antenna  to  antenna: 

J        188  .  hg  hr  I»  .Mg^^ 

^'  =  —Ria (*®) 

Antenna  to  coil: 

J  1184     .KhrlrNrl.  ,-,,. 

Coil  to  antenna: 

,         1184  .h.l.KN.I.  ,.-, 

^'  =  Rl^ (*2^ 

Coil  to  coil: 

J  7450   .  h.  I.  hr  Ir  N,  Nr  I.  ,,„ 

Formulas  such  as  (40)  have  existed  heretofore.  The  for- 
mulas here  giv^n  generalize  the  antenna-to-antenna  formula,  so 
that  calculations  can  be  made  for  any  kind  of  aerials. 

The  lengths  in  these  formulas  may  be  in  any  units,  provided 
the  same  unit  is  used  for  all  the  lengths.  The  meter  is  usually 
the  most  convenient  unit.  If  the  heights  and  wave  length  are 
in  meters  and  the  distance  d  in  miles,  the  four  constants  in  the 
four  formulas  become  respectively : 

0.117 
0.736 
0.736 
4.63 

To  calculate  the  distance  at  which  a  given  current  will  be 
received,  as  when  a  particular  receiving  arrangement  is  speci- 
fied, the  formulas  may  be  stated  explicitly  for  d.  Ir  and  d  are 
interchanged  in  each  formula.  For  example,  the  formula  for 
antenna-to-coil  (41)  becomes 

,  1184     .h.hrlrNrl.  .... 

^  =  FV77 (**) 

All  of  these  transmission  formulas  are  for  daytime  trans- 
mission.   Greater  values  are  obtained  at  night,  probably  be^ 
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cause  the  waves  are  reinforced  by  reflection  from  ionized  layers 
of  the  upper  atmosphere,  which  are  broken  up  by  wnlight  in 
the  daytime.  The  formulas  are  all  subject  to  correction  fac- 
tors for  distance  and  for  decrement.  If  the  distance  is  very 
great  (in  ordinary  cases,  over  100  kilometers),  the  right-hand 
side  of  the  formula  should  be  multiplied  by  the  correction  factor 
Fi.  The  value  given  below  for  Fi  is  for  transmission  over  sea 
water.  Its  value  for  transmission  over  land  would  be  greater. 
If  damped  waves  are  used,  the  correction  factor  F2  should  be 
similarly  applied.  Furthermore,  if  the  plane  of  the  receiving 
coil  is  not  parallel  to  the  direction  of  propagagtion  of  the  wave, 
the  correction  factor  Fz  must  be  similarly  applied  to  formulas 

(41)  and  (43)  and  related  formulas  such  as  (44).    In  formulas 

(42)  and  (43)  the  direction  of  the  wave  is  taken  to  be  that  of 
the  plane  of  the  transmitting  coil.  The  three  correction  factors 
are:  _ 

/Tj    x=    ^-0.000047  d/y/\  /JJ 


F.  = 


(20) 


-    ,600  .L8' 

\  /ex 


F3  =  cos  a  (24) 

All  of  the  correction  factors  make  the  resultant  numerical 
values  smaller. 

2.  Discussion  of  Transmission  Formulas 

The  power  of  wave  length  in  the  denominator  is  different  in 
the  several  formulas.  Thus  when  a  coil  aerial  is  used  for  both 
transmitter  and  receiver  the  received  current  is  inversely 
proportional  to  the  cube  of  the  wave  length.  Thus  trans- 
mission between  coils  is  better  the  shorter  the  wave  length. 
This  advantage  of  coils  at  short  wave  lengths  applies  only  for 
short-distance  transmission.  When  the  distance  is  hundreds 
or  thousands  of  kilometers,  the  increased  absorption  of  the 
waves  makes  the  correction  factor  Fi  so  great  that  short  waves 
are  impractical,  so  for  long  distances  the  comparison  favors  the 
antenna  rather  than  the  coil.  The  coil  compares  most  favor- 
ably with  the  antenna,  then,  for  transmission  over  short 
distances  with  very  short  waves.  This  is  subject  to  the 
proviso  that  current  of  the  same  order  of  magnitude  can  be 
gotten  into  a  transmitting  coil  aerial  as  into  ^xi  ^xl\atcc^,  ^t 
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that  the  resistance  of  a  receiving  coil  is  the  same  as  that  of  a 
receiving  antenna.  Neither  of  the  assumptions  is  wholly 
fulfilled,  in  practise,  with  the  result  that  the  difference  of 
applicability  of  the  two  kinds  of  aerials  at  long  and  short  wave 
lengths  is  less  marked.  For  additional  comparisons  of  an- 
tennas and  coils  and  fxuther  discussion,  see  Sec.  IV  above. 

Limitations  of  Formulas.  The  formulas  can  not  be  expected 
to  give  results  of  great  accuracy,  certainly  not  better  than  a 
few  per  cent,  because  of  the  ideal  conditions  assumed  in  their 
derivation.  Thus  it  is  assumed  that  no  image  of  the  aerial 
exists  in  the  ground  beneath  it,  that  is,  the  ground  is  not 
perfect  as  a  conductor.  As  a  matter  of  fact,  the  ground  varies 
greatly  in  conductivity;  and  while  in  most  cases  the  currents 
induced  in  the  ground  below  a  transmitting  or  receiving  aerial 
probably  have  very  little  effect,  these  currents  may  be  appre- 
ciable in  some  cases.  This  is  discussed  further  below  imder 
"Height  of  Aerial."  On  account  of  the  uncertainty  introduced 
by  the  ground,  the  formulas  may  apply  better  to  airplane 
aerials  than  to  those  on  ships  or  on  land. 

There  are  other  sources  of  uncertainty  in  the  application  of 
these  formulas.  An  antenna  does  not  form  a  flat-plate  con- 
denser with  the  ground  of  such  form  that  the  curving  of  the 
field  at  the  edges  can  be  neglected.  The  simple  method  of 
calculating  the  radiated  field  is  thus  in  doubt.  Similarly,  in 
the  case  of  a  radiating  coil,  the  field  from  the  top  and  bottom  of 
the  coil  may  have  some  effect  at  a  distance,  which  has  not  here 
been  taken  into  account.  It  is  not  certain  with  how  great 
propriety  the  earth's  surface  can  be  taken  to  be  equivalent  to 
the  equatorial  plane  of  the  radiating  aerial.  Frequently  radio 
waves  have  a  wave  front  that  is  tilted  and  not  perpendicular 
to  the  earth's  surface  as  assumed  in  the  calculation  of  received 
current.  Furthermore,  the  formulas  assumed  uniform  current 
throughout  the  aerial,  which  sometimes  does  not  hold  because 
the  antenna  may  have  a  vertical  portion  of  appreciable  capacity 
or  the  coil  may  have  rather  large  distributed  capacity.  Calcu- 
lations involving  coil  aerials  are  subject  to  the  additional 
imcertainty  arising  from  the  capacity  of  the  coil  to  groimd  or 
the  surroundings  so  that  it  acts  like  an  antenna  as  well  as  a 
coil.  This  is  discussed  under  "Antenna  Effect"  in  Sec.  VI  8, 
Another  diflSculty  discussed  in  the  same  Sec.  is  the  effects  of 
surroimding  objects. 

With  these  departures  in  the  action  of  the  aerials  and  the 
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behavior  of  the  waves  from  the  conditions  assumed,  it  is  impos- 
sible to  calculate  received  currents  with  great  accuracy.  It  is 
almost  surprising  that  the  experimental  results  check*  the 
formulas  as  closely  as  shown  in  Sec.  VI  2  below. 

Height  of  Aerial.  The  value  used  for  h  is  the  length  of  the 
vertical  side  of  a  coil  aerial,  the  distance  from  the  surface  of 
the  ground  to  the  flat  top  of  an  antenna,  or  the  vertical  distance 
between  the  two  flat  plates  of  a  condenser  aerial.  In  previous 
discussions  it  has  been  assumed  that  the  groimd  beneath  an 
antenna  was  a  perfect  conductor  and  thus  the  height  of  the 
radiator  was  twice  the  value  of  the  h  defined  here.  Experiment 
however  corroborates  the  view  here  taken,  which  assumed  that 
the  radiating  structure  is  independent  of  the  earth,  the  waves 
becoming  attached  to  the  earth  soon  after  leaving  the  antenna. 
In  the  present  state  of  our  knowledge  the  most  satisfactory 
conception  is  that  the  radiating  structure  is  the  actual  structure 
above  the  ground  level.  (Questions  of  the  conductivity  of  the 
groimd,  presence  of  earth  currents,  etc.,  near  the  radiating 
aerial,  are  expressly  not  considered). 

Austin's  empirical  formula^  for  antenna-to-antenna  trans- 
mission is  equation  (40)  with  a  constant  twice  as  great,  and 
quantities  hi  and  h2  used  instead  of  h,  and  hr.  These  quantities 
hi  and  hi  are  the  "height  to  the  center  of  capacity"  of  the 
transmitting  and  receiving  antenna,  respectively.  This  height 
is  not  defined,  but  its  value  for  any  psuticular  antenna  is  the 
value  that  is  required  to  make  experimental  results  fit  the 
formula.  Now,  as  has  been  stated,  such  experiments  as  have 
been  performed  agree  in  general  with  formula  (40).  For 
instance,  see  the  first  two  examples  in  Sec.  VI  2  below.  It 
must  follow  since  the  constant  in  Austin's  formula  is  twice  as 
great  as  the  constant  in  (40)  that 

hi  hi  =  1/2  hg  hr 

This  may  be  satisfied  by  various  values  of  hi  and  h^.  One  set 
of  values  would  be 

hi  =  0.5K 

ht  =  l.Qhr 
Another  would  be 

hi  =  0.707  A. 

hi  =  0.707  Ar 
Austin's  values  for  the  height  of  various  antennas  thus  deduced 
in  such  a  way  as  to  make  them  fit  the  experimental  values 

1.     Scientific  Paper  of  the  Bureau  of  Standards  No.  226,  EcLuaUoiv  S« 
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observed,  do  in  fact  vary  from  half  to  full  value  of  the  actual 
antenna  heights,  and  average  around  0.7  the  actual  heights. 
It  ife  much  simpler  and  more  direct  to  use  the*  formula  and  the 
interpretation  presented  in  this  paper,  bearing  in  mind  that  it 
is  subject  to  the  uncertainties  introduced  by  the  varying  charac- 
ter of  the  ground. 

The  idea  that  the  ground  is  not  a  good  enough  conductor  to 
form  an  image  of  a  transmitting  aerial,  and  that  the  waves 
become  attached  to  the  ground  after  leaving  the  aerial,  is  in 
harmony  with  the  ideas  of  Lodge  and  Muirhead,  already 
referred  to.  They  found  that  they  got  better  transmission  by 
using  what  amounted  to  a  condenser  aerial,  elevated  from 
groimd,  with  no  ground  connection.  This  conception  conflicts 
with  the  commonly  accepted  view  that  Marconi's  achievement 
was  the  connection  of  a  radiating  system  to  the  ground.  What 
then  was  Marconi's  achievement?  The  best  answer  to  this 
may  be  one  stated  to  the  author  by  Prof.  A.  E.  Kennelly,  viz., 
the  use  of  a  large  radiating  system,  arranged  vertically. 

vi.   experimental  verification  of  formulas 

1.  Principles  of  Measurement  of  Received  Current  and 

Voltage 

The  formulas  presented  in  this  paper  not  only  make  it  pos- 
sible to  calculate  approximately  the  field  intensity  produced 
or  current  received  with  given  aerials,  but  also  give  the  basis 
for  determining  what  constants  to  select  for  the  circuit  of  a 
particular  aerial  to  secure  the  maximum  effect.  In  other  words, 
these  formulas  furnish  the  principles  of  design  of  aerial  circuits. 
There  are  a  great  many  points  not  obvious  from  mere  inspec- 
tion of  the  formulas,  which  are  of  importance  equally  in  design 
and  in  the  measurement  of  received  signals.  These  will  now 
be  considered.  While  this  discussion  is  limited  to  what  takes 
place  in  receiving  aerials,  the  same  principles  and  treatment 
can  readily  be  applied  to  transmitting  aerials. 

The  received  current  or  voltage  can  be  measured  in  a  number 
of  different  ways.  It  is  important  to  know  just  what  quantity 
is  being  considered  or  measured.  Suppose  an  indicating 
instrument  G,  which  may  be  a  galvanometer  or  a  telephone 
receiver,  is  connected  to  a  rectifying  device  D  in  parallel  with 
the  condenser  of  the  receiving  circuit,  as  in  Fig.  7,  where  either 
L  is  a  coil  aerial  or  else  C  is  an  antenna  or  condenser  aerial. 
Does  the  indication  of  the  instrument  measure  directly  (a)  the 
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e.  m.  f .  which  the  wave  causes  to  act  on  the  circuit  C  L,  (b)  the 
current  in  the  circuit,  or  (c)  the  voltage  across  the  condenser? 
The  answer  is,  of  course,  none  of  these  things.  The  system 
can,  however,  conveniently  be  calibrated  in  terms  of  the  voltage 
across  the  condenser.  This  voltage  V  is  related  to  the  received 
current  /,  by  the  relation 


V  = 


o)C 


and  since  7,  is  related  to  the  e.  m.  f.  acting  by 

Ir  =  E/R, 

the  relation  of  V  to  B  is 

E 


V  = 


R  wC 


(45) 


(46) 


(47) 


When  a  detecting  apparatus  like  that  of  Fig.  7  is  used,  in 


C±      ; 


3) 


Fig.  7 — Aerial  Circuit  with 
Detecting  Apparatus  Across 
THE  Condenser 


Fig.  8 — Aerial  Circuit  with 
Current  Measuring  Instru- 
MExVT  in  Circuit 


which  the  deflections  or  signals  depend  directly  on  the  voltage 
across  the  condenser,  the  results  obtained  with  various  receiving 
circuits  will  be  entirely  different  from  those  obtained  when  the 
current  in  the  circuit  is  directly  measured,  as  in  Fig.  8.  Equa- 
tions (46)  and  (47)  show  at  once  that  the  effects  of  varying  the 
constants  of  the  receiving  circuit  will  be  different,  depending 
on  whether  it  is  E,  Ir,  or  V  that  is  being  measured.  These 
three  quantities  for  a  receiving  antenna  are,  from  equations 
(17),  (46),  and  (47),  for  unit  magnetic  field  intensity, 

Ea  =  300  .  hr  (48) 

la   =  300  .  hr/R  (49) 

hr 


Va  =  300 


R  coC 


(50) 


The  quantity  hr  may  be  called  the  **e.  m.  f.  reception  factor" 
for  an  antenna,  the  e.  m.  f.  in  the  receiving  circuit  \^  \rc<3^<3t' 
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tional  to  it.  Similarly  hr/R  may  be  called  the  "cxirrent  recep- 
tion factor"  since  it  determines  the  received  current.    And 

h  h    T 

P   ''^  or  the  equivalent    J  ^  may  be  called  the  "voltage 

reception  factor"  of  an  antenna  since  it  determines  the  voltage 
across  the  antenna. 

The  most  favorable  or  optimum  value  of  any  of  the  variables 
that  determine  the  antenna  e.  m.  f.,  current,  or  voltage,  can  be 
determined  either  by  direct  experimental  measurement  of  their 
values  when  actually  receiving  or  by  calculation  from  the 
reception  factors.  It  is  desired  to  learn  simply  what  will 
produce  the  maximum  Eo,  /«,  or  Vo.  For  example,  it  is  obvious 
that  Ea  increases  indefinitely  as  hr  increases,  but  more  careful 
consideration  is  required  to  determine  what  will  be  the  effect 
on  the  received  current  of  increasing  hr.  The  reception  factors 
furnish  an  alternative  to  direct  reception  measurements,  re- 
quiring instead  measurements  upon  the  constants  of  the  aerial 
circuit. 

Coil  Aerial  Reception  Factors.  The  e.  m.  f.  applied  by 
the  passing  wave'to  a  coil  aerial,  the  current  in  the  circuit, 
and  the  voltage  across  the  condenser  are,  from  equations  (26), 
(46),  and  (47),  for  unit  magnetic  field  intensity, 

^  =  eo«.,^  =  ^^  (") 

/  -  600  .  TT  -^-^  -   jQ^  TWX  ^^^^ 

V  -  36     IT'  W'  ^'^^    =  J-    -^lJL  (53) 

These  equations  assume  the  coil  to  be  square  having  both 
height  and  length  =  a.  For  a  coil  that  is  not  square,  the  for- 
mulas apply,  replacing  a  by  VK  If  Two  values  are  given  for 
each  reception  factor;  the  first  of  the  two  is  the  more  useful, 
since  it  is  more  common  to  consider  the  dependence  of  the 
reception  on  X  than  on  C. 

E.  m.  f.  reception  factor  =  — x—  (51) 

Current  reception  factor  =  -p-r-  (52) 
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Voltage  reception  factor  =     p  y^  (53) 

Design  of  Receiving  Coil  Aerials.  The  response  produced  in 
a  coil  aerial  circuit  may  be  measured  in  a  great  variety  of  ways. 
In  the  first  place,  it  may  be  considered  either  from  the  view- 
point .of  the  e.  m.  f .  acting,  the  current,  or  the  voltage  across 
the  condenser.  The  first  of  these,  the  e.  m.  f.,  J?,  may  be 
determined  for  any  particular  case  from  the  e.  m.  f .  reception 
factor  in  (51).  The  current  /  or  voltage  V  may  each  be  deter- 
mined in  four  different  ways:  (a)  by  direct  measurement  with 
a  suitable  instrument,  (b)  by  measurement  of  the  quantities 
which  make  up  the  appropriate  reception  factor,  (c)  by  mea- 
surement of  signal  strength  in  some  such  device  as  sketched  in 
Fig.  7,  which  has  been  calibrated  in  /  or  V,  (d)  from  a  "signal 
intensity  reception  factor,"  which  can  be  calculated  for  any 
signal  measuring  device  when  the  law  connecting  the  signal 
intensity  with  either  /  or  V  is  known. 

The  design  of  a  receiving  coil  requires  knowledge  of  the 
dependence  of  the  current  or  voltage  upon  the  dimensions,  etc., 
of  the  coil.  Measurements  made  in  all  of  the  ways  just 
enumerated  give  results  in  agreement  with  one  another,  pro- 
vided due  care  is  given  to  the  avoidance  of  errors.  The  sources 
of  error  are  numerous,  as  discussed  in  Sec.  3  below. 

While  direct  measurement  of  the  received  current  or  voltage 
can  be  replaced  by  calculation  from  the  reception  factors,  the 
fact  remains  that  the  design  of  an  aerial  requires  experiments. 
This  is  because  the  quantity  R  in  the  reception  factors  cannot 
be  obtained  by  calculation.  It  must  be  obtained  by  measure- 
ment for  the  particular  coil  and  mode  of  connections  employed. 

Measurements  upon  receiving  aerials  to  determine  their 
constants  and  the  best  design  for  given  conditions  constitute  a 
most  interesting  study.  In  later  publications,  the  results  of 
experiments  will  be  published  giving  such  data  for  typical  coil 
aerials. 

The  capacity  C  in  the  formulas  is  the  total  capacity  of  the 
circuit,  including  the  capacity  of  the  coil,  L  is  the  pure  induc- 
tance of  the  coil,  and  R  is  the  actual  resistance  of  the  circuit. 
R  includes  the  resistance  of  the  conductors,  effective  resistance 
of  the  condenser  and  of  the  coil  capacity,  effective  resistance  of 
the  detecting  apparatus,  and  radiation  resistance.  All  of 
these  vary  with  frequency,  and  thus  measurement  of  R  at  the 
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frequency  concerned  is  necessary.  On  account  of  the  com- 
plexity of  the  quantities  entering  into  the  total  R,  its  measure- 
ment is  no  easy  matter.  The  capacity  of  the  coil  and  other 
stray  capacities  may  easily  vitiate  the  measurement  of  J?,  C,  or 
L.  The  effect  of  the  detecting  apparatus  always  requires  most 
careful  consideration.  Even  if  D  in  Fig.  7  is  an  electron  tube, 
it  is  necessary  to  consider  the  resistance  which  it  introduces 
into  the  aerial  circuit. 

Dependence  of  Received  Current  and  Voltage  on  Dimensions  of 
Coil  and  Wave  Length,     Let  Re  =  resistance  of  coil  and  J?,  = 
resistance  external  to  coil ; 

R  =  Rx  +  Re 


a'N 


Current  reception  factor  =  -7-5 — ,    „  .  ^ 


(54) 


FiQ.  9 — Dependence  of  Re- 
ceived Current  on  Number  of 
Turns 


Fig.  10 — Dependence  of  Re- 
ceived Current  on  Wave 
Length  when  External  Resis- 
tance IS  Large 


The  variation  of  received  current  with  number  of  turns,  wave 
length,  and  size  of  coil  is  readily  found  by  considering  the 
the  variation  of  the  quantities  in  (54).  In  the  following  dis- 
cussions the  spacing  between  turns  of  wire,  which  affects 
resistance  and  inductance,  is  assumed  constant. 

a.  Varying  N,  with  X  and  a  constant.     When  R^  is  large 
compared  to  R^  we  see  from  (54) 

laN 

When  Re  is  large  compared  to  Rj,  since  Re  a  N,  roughly, 

/  a  constant 
However,  Re  increases  somewhat  faster  than  proportional  to  N 
as  iV  is  increased,  because  of  the  proximity  of  the  added  turns, 
and  hence  /  decreases  somewhat  as  N  increases  instead  of 
being  strictly  constant. 
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Rx  is  likely  to  be  large  compared  with  Re  when  N  is  very 
small,  and  hence  for  small  N,  the  variation  of  /  with  N  will  be  a 
straight  line,  as  shown  in  Fig.  9.  As  N  increases,  Re  becomes 
large  compared  to  iJ,  and  the  tendency  of  /  to  increase  with  N 
is  reversed.  As  a  result  the  curve  of  /  has  a  maximum.  The 
value  of  N  at  this  point  may  be  called  the  "optimum  number 
of  turns."  Its  value  will  be  greater  the  greater  the  external 
resistance. 

b.  Varying  X  with  N  and  a  constant.  When  J?,  is  large 
compared  to  Re  and  does  not  vary  appreciably  with  wave  length 

/al/X 
This  variation  is  shown  in  Fig.  10.     When  Re  is  large  compared 


Fig.  II — Dependence  of  Re- 
ceived Current  on  Wave 
Length  when  Coil  Resistance 
IS  Large 


Pig.  12 — Dependence  op  Re- 
ceived Current  on  Size  of  Coil 
WHEN  External  Resistance  is 
Large 


to  j!?x,  however,  since  Re  a  — =  ,  roughly, 

\/X 


la 


vx 


However,  the  effect  of  the  adjacent  turns  increases  Re  faster 

than  stated  as  X  is  diminished  and  hence  /  tends  to  approach  a 

constant  value  for  short  wave  lengths,  as  shown  in  Fig.  11. 

These  conclusions  may,  however,  be  vitiated  by  the  variation 

of  Rx  with  X. 

c.  Varying  a,  with  N  and  X  constant.    When  /?,  is  large 

compared  to  Re, 

I  aa^ 

This  is  shown  in  Fig.  12.     When  Re  is  large  compared  to  R^, 

since  Re  a  a, 

/  a  a, 
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giving  the  straight  line  in  Fig.  13.  From  these  two  extreme 
cases  it  follows  that  an  actual  curve  is  likely  to  have  a  form 
that  is  a  combination  of  these  two,  as  shown  in  Fig.  14. 

d.  Varying  a,  with  X  constant,  allowing  N  to  vary  in  such  a 
way  that  length  of  wire  is  constant.    The  condition  is  that 
N  a  1/a, 
When  Rg  is  large  compared  to  Re, 

I  aa 

The  curve  of  /  is  thus  a  straight  line.  When  Re  is  large  com- 
pared to  Rx,  the  same  conclusion  holds  but  only  roughly.  Re 
increases  slightly  as  a  is  decreased  because  of  the  proximity  of 
the  added  turns,  hence  /  increases  a  little  faster  than  propor- 
tional to  a.    This  is  shown  in  Fig.  15. 


I 


Fig.  13 — Dependence 
OP  Received  Current 
ON  Size  of  Coil  when 
Coil  Resistance  is 
Large 


Fig.  14— Dkfendence 
op  Received  Current 
on  Size  of  Coil  in 
Typical  Case 


Fig.  15 — Dependence 
of  Received  Current 
on  Size  of  Coil  when 
Length  of  Wire  is 
Kept  Constant 


The  voltage  reception  factor  differs  from  the  current  rec  ep 

tion  factor  by  L/X. 

Thus, 

>'  *^  a^  N  L 

Blt3A.  y  «  Voltage  reception  factor  =    .  p   4-  R)  \i         ^^^^ 

It  is  thus  a  more  complex  problem  to  determine  the  variation 
of  voltage  with  N,  X,  and  a,  because  the  variation  of  L  must 
be  considered  in  addition.  This  may  be  done  in  each  case, 
just  as  was  done  above  for  current,  taking  into  account  the 
relations: 

LaN^"  ReaN'^ 

1 


La  X«- 


Re  a 


X*  + 


Laai  + 


Re  aa^ 
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where  the  +  or  —  sign  after  the  exponent  indicates  that  the 
actual  power  is  slightly  greater  or  less  than  that  given. 

The  relations  obtained  for  voltage  are  similar  to  those 
obtained  for  current.  There  are  some  characteristic  differences 
as,  6.  g.,  with  varying  N  the  optimimi  number  of  turns  comes 
out  greater  than  for  received  current.  Thus  when  the 
detecting  apparatus  depends  essentially  on  the  current  the 
size  of  the  coil  should  be  as  large  as  possible,  whereas  when  it 
depends  essentially  on  the  voltage  across  the  condenser  the 
number  of  turns  should  be  as  large  as  possible. 

On  the  whole,  the  received  current  or  voltage  or  signal 
intensity  is  increased  by  increasing  the  dimensions  (N  and  a), 
and  by  decreasing  the  wave  length.  These  conclusions  are 
subject  to  the  limitation,  discovered  by  French  experimenters, 
and  qualitatively  obvious  from  the  known  increase  of  R  near 
the  natural  wave  length  Xo  of  a  circuit,  that  poor  results  are 
obtained  if  Xo  >  1/3  X.  Thus  the  dimensions  of  the  coil  can 
not  be  increased,  or  the  wave  length  decreased,  indefinitely. 
Beyond  the  limit  mentioned,  in  fact,  better  results  are  obtained 
by  decreasing  the  dimensions  of  the  coil. 

It  is  an  interesting  fact  that  these  discussions  apply  not  only 
to  the  design  of  a  coil  aerial  for  receiving  signals  but  that  they 
also  solve  the  problem  of  design  of  wavemeters.  The  choice 
of  constants  of  a  wave  meter  coil  for  any  particular  case  is 
settled  by  the  formulas  and  ideas  here  presented.  The  con- 
siderations given  for  received  current  and  voltage  apply 
respectively  to  the  design  of  wavemeters  for  measurements 
upon  undamped  or  damped  waves,  i.  6.,  to  the  securing  of 
minimum  resistance  and  minimum  decrement  respectively. 

2.  Examples  of  Measurements 

Measurements  having  as  their  object  the  verification  of  the 
transmission  formulas  were  discussed  in  the  preceding  section. 
Any  experiments  which  verify  the  transmission  formulas  may 
also  be  considered  as  checking  the  "theoretical  formulas"  and 
"comparison  formulas".  In  fact  experimental  tests  of  the 
transmission  formulas  are  the  most  rigorous  test  of  the  theory 
presented  in  this  paper.  All  of  the  limitations  and  errors 
discussed  in  Sec.  V  2  affect  the  transmission  formulas  while 
only  a  portion  of  them  affect  the  theoretical  and  comparison 
formulas. 

The  complicated  practical  conditions  of  any  experiment,  the 
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tilting  of  the  wave  front,  the  combination  of  antenna  and  coil 
effects  discussed  in  the  next  section  below,  and  other  uncer- 
tainties make  close  agreement  between  theory  and  experiment 
unlikely.  Agreement  to  30  per  cent  should  be  considered  as 
highly  satisfactory  verification  of  the  essential  correctness  of 
the  theory.  On  account  of  its  field  being  more  definitely 
localized,  experiments  with  a  coil  aerial  may  be  expected  to 
yield  greater  accuracy  than  experiments  with  an  antenna. 
The  same  advantage  appertains  to  a  condenser  aerial.  No 
quantitative  data  have  been  obtained  with  condenser  aerials, 
to  the  author's  knowledge;  such  experiments  would  be  very 
desirable. 

Experimental  data  obtained  at  the  Bureau  of  Standards  on 
radio  transmission  and  reception  are  presented  below.  The 
agreement  between  the  received  current  observed  and  the 
values  calculated  from  the  transmission  formulas  can  be  con- 
sidered as  very  satisfactory.  The  author  is  informed  that 
experiments  made  by  the  Signal  Corps  have  led  to  a  similar 
verification.  In  some  of  the  Signal  Corps  experiments  it  was 
thought  at  one  time  that  wide  departures  from  the  transmission 
formulas  for  coil  aerials  were  observed,  the  received  current 
for  very  short  waves  being  much  less  than  the  transmission 
formulas  indicated.  When,  however,  the  actual  values  of  the 
resistance  at  wave  lengths  used  were  determined,  the  agree- 
ment was  very  good.  Particular  care  must  be  given  to  proper 
measurement  of  the  resistance  of  the  receiving  aerial  circuit. 

Antenna  to  Antenna.  Experiments  which  supply  a  check  on 
formula  (40)  have  been  published  by  Dr.  Austin,  chief  of  the 
Naval  Radiotelegraphic  Laboratory  located  at  the  Bureau  of 
Standards. 

For  transmission  between  two  antennas  located  on  ships 
(Jour.  Wash.  Acad.  Sciences,  1,  p.  275;  1911),  K  =  29.2, 
hr  =  29.2,  /.  =  30.,  R  =  25.,  X  =  1000.,  d  =  1000.  The 
lengths  given  in  all  these  examples  are  in  meters.  Calculating 
from  (40), 

Ir  calculated  =  0 .  19 

/r  observed    =0.21 

For  the  Washington  Navy  Yard  antenna  transmitting  to  an 
antenna  at  the  Bureau  of  Standards  {Bull.  Bureau  of  Standards, 

11,  p.   74;    1914),  h.  =  36.,   K  =  30.,   /.  =  7.0,   R  =  70., 

X  =  2800 . ,  d  =  10,000 .     Calculating  from  (40)  and  (20) 
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/r calculated  =  0.53  X  10  -  3 

7r observed    =  0.55  X  10  -  3 

As  already  pointed  out,  the  agreement  of  observed  values 
with  the  transmission  formulas  indicates  that  it  is  proper  to 
take  as  the  antenna  height  the  actual  height  from  the  ground 
to  the  flat  top. 

Antenna  to  Coil.  A  number  of  experiments  to  check  the 
antenna-to-coil  transmission  formulas  have  been  made  at  the 
Bureau  of  Standards  radio  laboratory  since  early  in  1917. 
The  first  ones  did  not  involve  quantitative  measurements  but 
served  to  give  a  rough  check  on  the  formulas.  The  calculated 
value  of  current  was  compared  with  the  current  as  estimated 
from  the  loudness  of  signal  in  a  telephone  receiver  connected 
to  various  types  of  detecting  devices.  These  signals  were 
interpreted  on  the  assumption  that  a  fairly  audible  response  is 
given  by  the  currents  indicated  with  the  several  types  of 
detector. 

10-2  ampere,  thermoelement. 

10-*  ampere,  crystal  detector. 

10*""  ampere,  simple  audion. 

10-®  ampere,  oscillating  audion. 
For  the  Arlington  antenna  received  on  a  coil  aerial  at  the 

Bureau  of  Standards,  A,  =  122.,  Ar  =  4.,  ir  =  4.,  Nr  =  22., 

/.  =  102.,  R  =  25.,  X  =  3800.,  d  =  7800.    The  received  cur- 

rent  calculated  from  (41)  is  0.0018  ampere.  The  observed 
signal  using  crystal  detector  and  telephone,  was  very  loud, 
thus  checking  in  a  qualitative  way  the  result  calculated  value. 
Two  similar  qualitative  experiments  were  made,  transmitting 
from  an  antenna  at  the  Bureau  of  Standards  and  receiving  on 

a  portable  coil  aerial.     In  one  experiment,  h,  =  36.,  hr  =  K 

=  1.07,  N,  =  11.,/,  =  0.5,  if  =  2.,  X  =  850.,  d  =  16,000., 

whence  calculated  7r  =  11.  X  10"^     In  the  other,  h,  =  12., 

A.  =  /.  =  !. 07,    N.  =  11.,    /.  =  0.25,    J?  =  2,     X  =  600., 

d  =  11,000.,   whence  calculated   Jr  =  5.7  X  10-«.     In   both 

cases  the  observed  signal  was  loud  with  a  simple  audion,  again 
giving  a  qualitative  check  on  the  formula. 

A  number  of  experiments  have  been  made  by  Dr.  Austin 
during  1918  and  1919,  who  has  kindly  placed  the  results  at  my 
disposal.  A  couple  of  typical  ones  will  be  given.  For  the 
Arlington  antenna  transmitting  to  a  coil  aerial  at  the  Bureau 
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of  Standards,   K  =  122.,   K  =  1.82,   Ir  =  1.29,   Nr  =  56., 
/.  =  100.,  R  =  50.,  X  =  6000.,  d  =  7800. 

/r  calculated  =  1.4  X  10-^ 

Ir  observed    =  2 . 1  X  10"^ 
For  the  same  antenna  transmitting  to  a  large  coil  suspended 
from  masts  outdoors,  h,  =  122 .,  A,  =  21 . 6,  Zr  =  24 . 4,  Nr  =  7 . 
/,  =  100.,  R  =  50.,   X  =  10,000.,  d  =  7800.,  a  =  42  deg. 
From  (41)  and  (24), 

Ir  calculated  =  1 . 0  X  lO-^ 

/r  observed    =  1.2  X  10-» 

A  large  number  of  transmission  experiments  from  antenna 
to  coils  have  been  made  by  the  radio  laboratory  of  this  Bureau 
in  the  early  part  of  1919.    In  a  typical  case,  where  fe,  =  21 . , 

fer  =  /r  =  1.44,    iVr  =  8.,    /.  =  3 . ,    i?  =  7.7,    X  =  700.,    d 

=  4800.,  8'  =  0.1,  L  =  541.  microhenries.    From  (41)  and 

(20), 

Ir  calculated  =  24 .  X  10-« 

Ir  observed    =  28 .  X  10-« 

The  fact  that  the  observed  current  is  larger  than  the  calcu- 
lated, in  these  and  other  cases,  is  probably  due  to  the  antenna 
effect,  discussed  in  the  next  section.  The  coil  structure  has 
capacity,  which  makes  it  receive  the  wave  by  antenna  action  in 
addition  to  the  coil  action,  thus  increasing  the  current  actually 
received. 

CoU  to  Antenna.  In  an  experiment  made  by  Dr.  Austin, 
with  a  large  coil  at  the  Bureau  of  Standards  transmitting  to 

the    Arlington    antenna,    h,  =  21.6,    Z.  =  24.4,    K  =  122., 

N.  =  4., 

N.  =  7.,  /,  «  1,  «  =  50.,  X  =  2800.,  d  =  7800,  a  =  42  deg. 

From  formula  (42), 

/r  calculated  =  1.3  X  10-^ 

Ir  observed    =  1 . 5  X  10"^ 

CoU  to  Coil.  The  only  data  available  to  the  author  on  the 
use  of  the  coil  aerial  for  both  transmitting  and  receiving  are 
from  experiments  made  in  1917  by  Messrs.  Kolster,  Wil- 
loughby,  and  Lowell,  and  these  are  only  qualitative.  For 
transmission  from  a  coil  at  the  Bureau  of  Standards  to  a 

portable  coil  40 .  kilometers  away,  A,  =  Z,  ==  3 . ,  fer  =  ir  =  1 . , 
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iV,  =4.,  Nr  =  15.,  /,  =  10,  R  =  1,  X  =  600.,  d  =  40,000. 

The  received  current  calculated  from  formula  (43>  is  4 . 6  X 

lO-'.    The  observed  signal  was  loud  with  a  simple  audion. 
For  transmission  from  a  coil  located  at  a  lighthouse  to  a  coil 

on  a  ship  48  kilometers  away,  A,  =  i,  =  3.05,  hr  =  Ir  ==  1.22, 

N.  =  3.,  Nr  =  10.,  /.  =  10.,  /2  =  2.,  X  =  550.,  d  =48,000. 

The  calculated  /r  is  1.6  X  10~«.    The  observed  signal  was 

audible  on  a  simple  audion.  Comparing  with  the  current 
sensibility  of  an  audion  stated  ftbove,  it  is  seen  that  both  of 
these  results  furnish  a  rough  check  on  the  formula. 

3.  Discussion  of  Experiments 

The  agreement  of  the  experiments  with  the  theory  is  highly 
satisfactory  in  view  of  the  simple  conditions  assumed  in  the 
theory.  The  complex  practical  conditions  preclude  the  likeli- 
hood of  agreement  within  a  few  per  cent.  The  various  limita- 
tions of  the  formulas  arising  from  actual  experimental  condi- 
tions are  discussed  above  in  Sec.  V  2. 

One  characteristic  of  the  experiments  with  coil  aerials  is 
that  the  observed  value  of  received  current  is  in  every  case 
greater  than  the  calculated  value.  This  strongly  suggests  that 
the  action  of  the  coil  structure  involves  something  additional 
to  the  pure  action  as  a  coil.  This  would  be  expected  also  from 
theoretical  considerations.  The  inevitable  capacities  between 
parts  of  the  aerial  circuit  must  introduce  an  action  analogous 
to  that  of  an  antenna.  When  it  is  borne  in  mind  that  the  coil 
action  is  really  a  second-order  effect  in  comparison  with  the 
action  of  a  system  of  antenna  nature,  it  appears  extremely 
likely  that  the  stray  capacities  of  any  coil  aerial  circuit  would 
introduce  an  antenna  effect  which  would  have  to  be  considered 
in  addition  to  the  pure  coil  effect.  Besides  the  reasons  thus 
given  by  theory  and  by  the  excessive  values  of  current  observed 
in  experiments  with  coil  aerials,  there  are  two  other  lines  of 
evidence  that  the  antenna  effect  is  not  negli^ble  in  coil  aerials. 

One  of  these  additional  lines  of  evidence  is  furnished  by 
measurements  of  current  in  different  parts  of  a  coil  aerial  or 
the  circuit  thereof.  If  the  capacities  between  parts  are  appre- 
ciable some  of  the  current  must  leave  the  conductors  and  flow 
off  into  the  dielectric;  the  current  observed  with  an  ammeter 
must  therefore  be  different  in  different  parts  of  the  circuit. 
These  differences  are  actually  foimd.    The  fourth  kind  of 
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evidence  that  the  antenna  effect  is  appreciable  in  coil  aerials  is 
furnished  by  considerations  of  radiation  resistance,  which  will 
now  be  discussed.  Following  that,  the  antenna  effect  will  be 
considered  in  more  detail. 

Radiation  Resistance.  It  is  possible  to  determine  whether  in 
a  given  system  the  antenna  effect  or  coil  effect  predominates  by 
measurements  of  radiation  resistance.  The  radiation  resis- 
tance has  different  values  and  follows  different  laws  for  antenna 
and  coil. 

Radiation  resistance  in  general  is  defined  by 

P  =  RP  (56) 

in  which  /  is  the  current  in  the  aerial  used  as  a  transmitting 
device,  P  is  the  power  radiated,  and  R  the  radiation  resistance. 
The  study  of  radiation  resistance  is  an  important  means  of 
facilitating  work  on  aerials.  This  may  be  seen  from  the  simple 
fact  that  the  magnitude  of  the  radiation  resistance  gives  at 
once  the  power  radiated,  and  hence  the  effectiveness  of  a 
transmitting  aerial  or  the  range  of  communication  can  be 
judged  without  making  transmission  experiments.  Field  tests 
are  thus  in  large  part  replaced  by  laboratory  measurements. 
In  addition  to  this,  it  is  possible  to  discriminate  between  the 
antenna  and  coil  effects. 

The  magnitude  of  the  radiation  resistance  of  a  flat-top 
antenna,  at  wave  lengths  considerably  greater  than  the  funda- 
mental, is  given  by  the  well-known  expression 

Ra  =  (39.7  A/ X)2  (57) 

An  approximate  expression  for  the  radiation  resistance  of  a 
coil  can  be  derived  very  simply,  as  follows.  When  a  radiated 
field  exists  in  any  part  of  space,  the  relation  of  the  power 
radiated  through  that  portion  of  space  to  the  magnetic  field 
intensity  there  existing  is 

P'aH'  (58) 

for  any  given  distance  from  the  source,  whatever  the  source  may 
be.  The  total  power  radiated  is  proportional  to  the  integral 
of  P  over  any  surface  entirely  surrounding  the  source.  This 
integral  will  be  of  the  same  form  for  H^  the  field  due  to  a  coil, 
as  for  Ha,  the  field  to  an  antenna,  except  for  the  effect  of  the 
variation  of  He  in  a  plane  around  the  radiating  coil,  which 
varies  from  zero  to  the  value  given  in  (10)  for  any  given  distance 
from  the  source.    As  a  first  approximation,  this  variation  may 
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be  considered  to  make  the  integrated  value  of  H^  one-half  as 
great  as  it  would  be  if  He  had  the  value  given  in  (10)  in  all 
directions  around  the  radiating  coil. 

P  1     H« 

,    r,  i     iic  (5JJ 


H 


t 


a 


From  (8)  and  (10),  for  a  given  distance  from  the  source  and  a 
coil  and  antenna  of  same  height  with  same  current, 

^=27r-i^  (60) 

From  (56), 

Re  Pe 


Ra  Pa 

Hence  from  (59)  and  (60) 

_  .27r  .^^ 
Inserting  the  value  of  Ra  from  (57) 

Re  =  31,100.    ^  ^^, 

If  the  coil  is  a  square  one  with  %  =  2  =  a, 

Re  =  (13.3a/X)*N«  (61) 

This  approximate  expression  for  radiation  resistance  of  a  coil 
gives  at  once  the  variation  with  size,  number  of  turns,  and 
wave  length.  E.  g.,  for  a  set  of  coils  of  varying  size,  in  which 
the  length  of  wire  is  kept  constant,  Re  a  1/N^.  It  shows  that 
for  a  given  ratio  of  size  to  wave  length,  Re  ol  N^.  The  principal 
point  of  interest  is  that  Re  is  inversely  proportional  to  the 
fourth  power  of  wave  length. 

Since  the  radiation  resistance  of  an  antenna  is  inversely 
proportional  to  the  second  power  of  wave  length,  and  that  of  a 
coil  inversely  proportional  to  the  fourth  power,  the  radiation 
resistance  furnishes  a  means  of  determining  whether  a  given 
structure  functions  as  a  coil  or  as  an  antenna.  Rough  deter- 
minations of  radiation  resistance  which  were  made  upon  a 
particular  coil  aerial  showed  a  variation  of  observed  radiation 
resistance  inversely  as  the  third  power  of  the  wave  length,  thus 
verifying  the  idea  that  the  action  is  a  combination  of  coil  and 
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antenna  effect.  The  observed[values  however  were  all  higher 
than  the  sum  of  the  theoretical  Ra  and  Re.  The  measurement 
of  radiation  resistance  is  an  extremely  difficult  operation,  and 
satisfactory  methods  can  not  be  said  to  have  been  developed  as 
yet. 

Antenna  Ejffect.  Since  there  are  differences  of  potential 
between  various  parts  of  a  coil,  acting  either  as  a  transmitting 
or  receiving  aerial,  there  must  be  some  dielectric  current 
through  the  space  around  the  coil  and  between  the  coil  and 
groimd.  It  follows  that  there  must  be  some  antenna  action, 
proportional  to  the  amount  of  this  dielectric  current  and  the 
length  of  path  over  which  it  flows,  and  this  will  produce  a 
current  additional  to  that  produced  by  the  coil  action  unless 
the  coil  structure  happens  to  have  an  exact  symmetry  which 
causes  the  antenna  effect  in  each  part  of  the  coil  to  be  balanced 
by  an  antenna  effect  in  some  other  part. 

Fig.  16  shows  the  origin  of  the  antenna  effect.  As  in  ordi- 
nary practise,  the  leads  cause  some  part  of  the  apparatus  to  be 
practically  at  ground  potential,  the  shield  of  the  condenser  is 
shown  connected  to  ground.  An  appreciable  dielectric  current 
flows  from  various  parts  of  the  conducting  circuit  to  other  parts 
and  to  ground.  Typical  paths  of  this  dielectric  current  are 
shown  by  the  dotted  lines.  The  line  a  b  suggests  the  dielectric 
current  from  the  coil  structure  to  groimd,  the  lines  c  d  and  e  / 
the  dielectric  current  between  turns  of  the  coil,  and  the  line 
g  h  the  dielectric  current  between  coil  and  leads.  The  flow  of 
dielectric  current  between  turns  of  the  coil  is  in  a  horizontal 
direction  when  the  coil  is  of  prismatic  form  with  the  turns 
separated  and  all  of  the  same  area.  This  part  of  the  antenna 
effect  arises  in  a  receiving  coil  of  this  form  only  when  the  wave 
front  is  more  or  less  tilted  from  the  vertical. 

On  account  of  the  flow  of  current  off  through  the  dielectric 
from  various  parts  of  the  circuit,  ammeters  placed  at  different 
places  in  the  circuit  would  show  different  values  of  current  to 
be  flowing.  In  radio  circuits  it  can  not  be  assumed  that  the 
current  is  the  same  at  all  points  around  the  conducting  circuit, 
as  was  shown  by  the  author  in  his  investigation  of  high- 
frequency  current  measurement  described  in  Bureau  of  Stan^ 
dardsS.  206;  1913. 

To  the  extent  that  these  dielectric  currents  flow,  the  con- 
ductors of  the  circuit  may  be  considered  as  an  antenna  system. 
Perhaps  only  the  current  typified  by  the  line  ab  might  be 
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thought  of  as  giving  rise  to  an  "antenna"  effect,  since  the  others 
do  not  flow  to  ground;  still  this  part  of  the  dielectric  current 
does  not  differ  from  the  others  in  nature  or  effect,  and  it  seems 
hence  advisable  to  use  the  suggestive  term  "antenna  effect"  to 
indicate  all  of  the  effects  arising  from  the  presence  of  currents 
in  the  dielectric. 

It  might  be  supposed  that  the  same  sort  of  an  effect  would  be 
caused  by  the  flow  of  dielectric  current  in  the  condenser  of  the 
coil  aerial  circuit.  This  is  not  true  ordinarily  because  a  con- 
denser of  the  laboratory  type  is  used,  in  which  the  condenser 
plates  are  interleaved.  As  shown  in  Fig.  17,  the  current  in  one 
direction  in  the  dielectric  is  balanced  by  a  current  in  the  oppo- 


y////////////// 


Fia.  16 — Paths  of  Dielec- 
tric Currents  which  Cause 
Antenna  Effect  in  Coil  Aerial 


Fig.  17 — Directions  of  Flow 
OF  Dielectric  Currents  in 
Laboratory  Type  of  Conden- 
ser 


site  direction  in  the  neighboring  part  of  the  condenser.  This 
is  a  non-radiating  condenser;  and  is  the  analog  of  a  non- 
inductive  coil,  which  is  also  non-radiating.  A  condenser 
consisting  of  a  single  pair  of  plates  would  radiate,  but  is  not 
ordinarily  used  because  it  would  be  much  bulkier  than  the 
laboratory  type  of  condenser.  The  condenser  consisting  of  a 
single  pair  of  plates  would  be  in  fact  the  ''condenser  aerial," 
which  has  been  recommended  by  the  author  in  Sec.  IV  3  as 
worthy  of  serious  consideration  in  radio  practise. 

The  effect  of  the  distributed  capacities  of  the  aerial  circuit 
must  not  be  confused  in  any  way  with  the  phase  angle  between 
the  fields  existing  at  the  two  vertical  sides  of  the  coil  aerial. 
The  phase  angle  referred  to  is  the  seat  of  the  action  of  the  ei^\V 
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aerial  as  such.  The  dielectric  currents  flowing  in  the  distributed 
or  stray  capacities  of  the  circuit,  however,  give  rise  to  the 
direct  action  as  an  antenna,  not  depending  in  any  way  on  the 
separation  between  the  two  vertical  sides  of  the  coil.  All  of 
these  remarks  apply  both  to  transmission  and  reception. 

It  is  rather  difficult  to  determine  what  fraction  of  the  effect 
of  a  coil  aerial  is  due  to  antenna  action  and  what  part  to  coil 
action.  In  many  cases,  doubtless,  the  antenna  action  pre- 
dominates. It  is  possible,  however,  to  separate  the  effects  in 
any  particular  case  by  the  several  different  methods.  The 
antenna  effect  may  be  calculated,  at  least  for  parts  of  the  cir- 
cuit, by  the  aid  of  careful  ammeter  readings  which  show  what 
amoimt  of  the  current  has  flowed  off  into  the  dielectric.  The 
antenna  effect  may  be  eliminated,  thus  leaving  only  the  coil 
effect,  by  a  carefully  arranged  system  of  shields  and  groxmds; 
or,  by  a  synmietrical  arrangement  of  the  coil  structure  which 
causes  the  antenna  effect  in  each  part  to  be  balanced  by  the 
antenna  effect  in  some  other  part.  The  coil  effect  may  be 
eliminated,  on  the  other  hand,  in  the  case  of  a  receiving  coil,  by 
taking  advantage  of  the  fact  that  the  coil  effect  depends  on  the 
direction  of  orientation  while  the  antenna  effect  (at  least  the 
major  part  of  it)  does  not;  t.  e.,  by  turning  the  coil  so  its  plane 
is  parallel  to  the  wave  front.  A  method  which  eliminates  the 
coil  effect  and  retains  a  part  of  the  antenna  effect  is  to  open  one 
of  the  coil  leads,  thus  leaving  the  coil  aerial  connected  to  the 
circuit  at  one  point,  placing  in  series  with  it  an  inductance  coil 
of  very  small  dimensions  but  of  the  same  inductance,  the  circuit 
being  completed  by  the  capacity  of  the  coil  aerial  to  groimd. 

Effects  of  Surroundings.  Currents  are  induced  in  metal  and 
other  objects  near  a  transmitting  aerial,  and  sometimes  are 
powerful  enough  to  affect  the  radiation  appreciably.  The 
objects  near  a  receiving  aerial  have  currents  produced  in  them 
by  the  passing  wave.  These  currents  in  nearby  objects,  which 
may  include  the  groimd,  induce  e.  m.  f 's.  in  the  receiving  aerial. 
It  is  to  be  noted  that  this  effect  of  neighboring  objects  is  caused 
by  induction,  and  not  radiation  from  them,  which  would  be 
comparatively  feeble. 

The  e.  m.  f .  thus  induced  in  a  coil  aerial  from  the  surroxmd- 
ings  is  of  the  same  or  opposite  phase  as  that  caused  by  the  wave. 
It  differs  in  this  respect  from  the  e.  m.  f .  due  to  the  antenna 
effect  discussed  above.  The  antenna  effect  ordinarily  pro- 
duces an  e.  m.  f .  which  is  90  deg.  out  of  phase  with  the  coil 
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effects  and  does  not  vary  with  the  orientation  of  the  coil.  The 
antenna  effect  can  thus  never  balance  out  the  coil  effect,  and  it 
is  impossible  to  reduce  the  received  current  to  zero  no  matter 
how  the  coil  is  turned.  The  e.  m.  f.  induced  by  the  surroimd- 
ings,  however,  depends  upon  the  orientation  of  the  coil.  This 
e.  m.  f .  will  be  reduced  to  zero  by  turning  the  coil  at  a  different 
orientation  from  that  at  which  the  e.  m.  f .  due  to  the  wave  is 
zero,  unless  the  line  between  distorting  object  and  the  coil 
aerial  is  the  direction  of  propagation  of  the  wave.  The  result 
of  this  is  that  the  total  e.  m.  f .  is  reduced  to  zero  at  some 
orientation  other  than  that  obtained  when  the  wave  alone  acts 
on  the  coil  aerial.  There  is  thus  a  distortion  in  the  apparent 
direction  of  the  wave,  caused  by  objects  surrounding  the  coil 
aerial. 

vii.   practical  conclusions 
1.  Relative  Effectiveness  of  Antennas  and  Coil  Aerials 

a.  Generally  speaking,  a  coil  aerial  is  as  powerful  a  trans- 
mitting or  receiving  device  as  an  antenna  only  when  its  dimen- 
sions approach  those  of  the  antenna. 

b.  It  is  easy  to  make  the  resistance  of  a  coil  aerial  circuit 
much  smaller  than  the  resistance  of  the  ordinary  antenna 
circuit  and  thus  make  a  small  coil  as  effective  as  a  large  antenna. 
A  small  aerial  as  effective  as  a  large  antenna  can  however  also 
be  secured  by  the  use  of  the  antenna-like  aerial  called  the 
condenser  aerial.  Heeding  these  principles  and  using  ampli- 
fiers in  receiving,  radio  aerials  can  in  the  future  be  much  smaller 
than  heretofore. 

c.  The  relative  effectiveness  of  a  coil  and  antenna,  in  terms 
of  the  wave  length,  number  of  turns,  etc.,  is  ^ven  by  formula 
(33)  and  the  related  formulas. 

d.  A  coil  aerial  exhibits  antenna  action  as  well  as  coil  action, 
because  of  capacities  between  its  parts  and  surroundings.  The 
antenna  action  sometimes  overbalances  the  coil  action. 

e.  The  advantage  of  the  coil  aerial  is  greatest  for  short  wave 
lengths.  It  is  consequently  likely  to  be  well  suited  to  airplane 
communication.  The  increasing  advantage  of  the  coil  as  a 
transmitting  aerial,  as  the  wave  length  is  decreased,  is  subject 
to  the  proviso  that  the  same  current  can  be  gotten  into  a  coil 
as  into  an  antenna.  In  fact,  the  whole  practical  problem  is  to 
get  as  much  current  as  possible  into  the  aerial. 

f .  The  use  of  coil  aerials  at  both  receiving  and  transmitting 
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ends  of  the  communication  is  particularly  suitable  for  short 
waves,  since  the  received  current  in  such  a  system  is  inversely 
proportional  to  the  cube  of  the  wave  length. 

2.  Principal  Formulas 

The  units  used  are  international  electric  units,  the  ordinary 
electric  units  based  on  the  ohm,  ampere,  centimeter,  and 
second ;  except  where  otherwise  stated.  The  principal  symbols 
are  the  following. 

Symbols 

i     =  instantaneous  current. 

/o   =  maximum  value  of  current. 

/     =  effective  value  of  current. 

Hi  =  instantaneous  value  of  magnetic  field  intensity. 

Ho  =  maximum  value  of  magnetic  field  intensity. 

H   =  effective  value  of  magnetic  field  intensity. 

ft     =  height  of  aerial. 

d     =  distance  along  earth's  surface  from  sending  aerial. 

CO    =  2  TT  times  frequency  of  the  current. 

i     =  time. 

X    =  wave  length. 

c     =  velocity  of  electric  waves  =  3  X  10*°  cm.  per  second. 

I     =  horizontal  length  of  coil  aerial. 

H   =  number  of  turns  of  wire  of  coil  aerial. 

a     =  length  of  side  of  square  coil. 

B    =  phase  angle  between  values  of  field  intensity  a  distance 

I  apart  in  the  wave. 
&    =  electric  field  intensity. 
E    =  electromotive  force  in  receiving  aerial. 
5'    =  logarithmic  decrement  of  H  or  E. 
(f)    =  magnetic  flux. 

if    =  resistance  of  receiving  aerial  circuit. 
C    =  capacity  of  receiving  aerial  circuit. 
L    =  inductance  of  receiving  aerial  circuit. 
a    =  angle  between  direction  of  propagation  of  wave  and 

plane  of  coil. 
Subscripts:    8  =  sending,    r  =  receiving,    a  =  antenna,    c 

=  coil. 

The  following  are  the  principal  formulas  presented  in  this 
paper: 
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Radiated  Magnetic  Field  Intensity  from  an  Antenna  or  Con- 
denser Aerial. 

Radiated  Magnetic  Field  Intensity  from  a  Coil. 

^  ==  "10 Wd-  ^^^^ 

Received  Current  in  an  Antenna  or  Condenser  Aerial. 

Ir  =  300.  -^  (19) 

Received  Current  in  a  Coil. 

I^  =  600.  T  ^'  ^^^^  ^  (23) 

Distance  Correction  Factor. 

f  J    =    ^-0.000047  d  /y/T  (9) 

Decrement  Correction  Factor. 


^2  =     )  600.  L 6'  (2®^ 

"I   ~ 


V 


R\ 


Direction  Correction  Factor. 

Fz  =  cos  a  (24) 

Antenna-to-Antenna  Transmission. 

J  188 .  ft,  ftr  i »  rAti\ 

^' RTd —  ^^"^ 

Antenna-to-Coil  Transmission. 

Coil-to-Antenna  Transmission. 

J        nM.h.l,hrN.I.  ,.2x 

^'  = ¥v^ ^**^ 
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CoU-UhCoU  Transmission. 

J  U50.h,l,hrlrN,NrI.  ,.,, 

The  lengths  in  the  four  preceding  formulas  may  be  in  any 
units.  Meters  are  commonly  used.  Any  of  these  formulas 
may  be  expressed  in  terms  of  d.    E.  g.. 

Distance  at  Which  a  Given  Current  is  Received  in  a  Coil  for  a 
Given  Transmitting  Current  in  an  Antenna. 

,        1184.  ft, ft. ^ N.J,  .... 

^ RWTr ^**) 

Total  Magnetic  Field  from  an  Antenna,  Including  Radiation 
and  Induction. 

rj  _    2  TT     ft,  J,     ,      j      ft,  J,  .,-v 

^  "  To"  Td"  ^  10  ~dr  ^^^^ 

Relative  Effectiveness  of  Coil  and  Antenna,  for  Same  Height 
and  Wave  Length. 

dc/da  =  N  V2(l-  cos2  7rZ/X)  (32) 

Ditto,  I  small  compared  to  X. 

dc/da  =  6.28Ni/X  (33) 

Length  of  CoU  Aerial  Equivalent  to  Antenna  of  the  Same  Height. 

I  =  0.16  X/N  (39) 

Current  in  Aerial  Circuit. 

Ir  =  E/R  (46) 

Voltage  across  Condenser  in  Aerial  Circuit. 

Coil  Aerial  Reception  Factors. 

E.  m.  f.  reception  factor  =  — ^ —  (51) 

a*N 
Current  reception  factor  =     p  ^  (52) 

Voltage  reception  factor  =     p  y.  (53) 
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Radiation  Resistance. 

Ra  =  (39.7  A/ X)2  (57) 

Re  =  (13.3  a/X)*iV*  (61) 

3.  Future  Research  Needed 

The  subject  of  research  on  electric  waves  can  be  considered 
as  barely  begun.  The  study  presented  in  this  article  has 
revealed  vast  and  most  interesting  problems  awaiting  solution 
which  can  be  solved.  The  functioning  of  aerials,  both  in 
transmitting  and  receiving,  can  now  be  considered  as  roughly 
understood.  Recent  advances  in  radio  measurements  and 
technique  open  the  way  to  experiments  and  progress  which 
will  bring  about  far-reaching  control  of  electric  waves.  A  few 
of  the  detailed  problems  which  border  on  the  subject  matter  of 
this  paper  and  await  solution  will  now  be  mentioned. 

Theoretical  Problems. 

a.  Develop  a  simple  and  straightforward  derivation  of  the 
radiated  field  from  a  coil,  without  consideration  of  shape  of  the 
coil  or  dealing  with  the  electrostatic  field  at  all.  ^ 

b.  Work  up  an  explanation  of  the  mechanism  of  radiation 
that  brings  out  clearly  the  relation  of  the  radiation  to  the 
induction  field  and  shows  tliat  all  of  the  dielectric  current  is 
effective  in  causing  radiation,  which  shall  take  the  place  of  the 
usual  explanation  in  terms  of  the  snapping  off  of  lines  of  force. 

c.  Determine  the  effects  of  the  phase  angle  between  different 
parts  of  the  dielectric  field  in  an  antenna  or  condenser  aerial, 
especially  the  long,  low  types. 

d.  Develop  methods  of  measuring  radiation  resistance. 

e.  Work  out  laws  of  variation  of  voltage  reception  factor  of 
coil  aerials,  and  laws  of  variation  of  both  current  and  voltage 
reception  factors  of  antenna  and  condenser  aerials.  Similarly, 
develop  accurate  and  useful  transmission  factors. 

Experimental  Problems, 

a.  Determine  the  relative  effectiveness  over  a  very  wide 
range  of  sizes,  wave  lengths,  etc.,  of  the  various  types  of  aerials. 
Do  this  by:  (1)  direct  measurements  to  verify  transmission 
formulas  (2)  measurements  of  the  factors  that  enter  into  the 
reception  factors,  (3)  measurements  of  radiation  resistance. 

b.  Make  transmission  experiments  at  very  great  distances 
over  typical  kinds  of  land,  to  obtain  distance  absorption  factors. 

c.  Try  out  condenser  aerials,  comparing  performance  with 
transmission   formulas.    Build   such   aerials  m\}ci  TxvNXcceci^cscs^ 


1400  DBLLINGER:  RADIO  TRANSMISSION  [Oct.  1 

resistance.  Demonstrate  the  non-radiating  nature  of  the 
laboratory  tjrpe  of  condenser,  comparing  it  with  condenser 
aerials. 

d.  Compare  trailing  wire,  condenser  aerial,  and  coil  aerial, 
on  airplane. 

e.  Find  out  how  directive  as  transmitting  devices  coil  and 
condenser  aerials  and  ''earth  antennas"  are;  measure  magni- 
tude and  direction  of  field  at  various  distances  from  the  aerial, 
at  numerous  wave  lengths,  etc. 

f .  Determine  relative  magnitudes  of  induction  and  radiation 
close  to  transmitting  aerials.  Determine  also  directions  of 
fields,  to  secure  complete  knowledge  of  phenomena  near 
radiating  systems. 

g.  Measure  currents  in  ground  as  well  as  the  fields  above  the 
groimd,  to  determine  how  wave  attaches  itself  to  the  ground. 

h.  Study  distributed  capacities  in  coil  aerial  circuit  by 
measuring  current  at  different  points  in  circuit. 

i.  Determine  values  of  antenna  effect,  and  develop  means  of 
controlling  or  eliminating  it  by  shielding  systems,  etc. 

j.  Make  quantitative  investigation  of  receiving  sjrstems 
combining  antenna  and  coil  aerial.  Measure  phase  of  currents. 
Determine  under  what  circumstances  the  indication  of  abso- 
lute direction  is  reversed  when  the  tuning  is  slightly  varied. 

k.  Determine  effects  of  surrounding  objects  on  currents  in 
transmitting  and  receiving  aerials.  Measure  magnitude  and 
phase  of  currents  in  typical  cases. 

1.  Develop  methods  of  connecting  generating  apparatus  to 
various  types  of  aerials  to  get  maximum  cxurent  into  the 
aerial,  especially  at  short  wave  lengths. 

VIII.     SUMMARY 

The  advantages  of  the  coil  aerial  as  a  direction  finder,  inter- 
ference preventer,  reducer  of  strays,  and  submarine  aerial 
make  it  important  to  know  how  effective  the  coil  aerial  is,  in 
comparison  with  the  ordinary  antenna,  as  a  transmitting  and 
receiving  device.  This  article  gives  the  answer.  Simple 
formulas  are  worked  out  from  fundamental  electromagnetic 
theory,  by  which  the  performance  of  any  aerial  can  be  calcu- 
lated. Experiments  have  verified  the  formulas,  and  show  that 
t^ey  are  a  valuable  aid  in  the  choice  and  design  of  an  aerial  to 
fit  any  particular  requirements. 

The  principal  formulas  are  of  three  kind&:  th^r^ticid  for* 
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mulas,  giving  the  magnetic  field  intensity  at  any  distance  from 
either  kind  of  aerial  and  the  current  produced  by  a  given  field 
intensity  in  either  kind  of  aerial ;  comparison  formulas,  giving 
the  ratio  of  performance  of  antenna  and  coil  aerial  under 
various  conditions;  and  transmission  formulas,  giving  the 
current  in  any  receiving  aerial  in  terms  of  the  current  in  the 
distant  transmitting  aerial. 

The  theory  and  nature  of  radiation  are  discussed,  and  applied 
to  the  elucidation  of  some  current  fallacies.  There  has  been  a 
vast  haziness  of  ideas  on  these  points.  The  distinction  between 
induction  fields  and  radiation  fields  is  presented.  It  is  shown 
that  the  receiving  action  in  any  kind  of  an  aerial  may  be  con- 
sidered as  arising  either  from  the  electrostatic  or  the  magnetic 
field  present  in  the  wave.  Such  questions  are  discussed  as  the 
distinction  between  ''open"  and  "closed"  circuits.  It  is 
shown  that  a  metallically  closed  circuit  can  radiate,  and  that 
radiation  takes  place  at  all  frequencies,  the  amount  of  radiation 
being  greater  the  higher  the  frequency. 

The  ratio  of  the  range  of  communication  obtainable  with  a 
coil  aerial  to  that  with  an  antenna  is  proportional  to  the  num- 
ber of  turns  and  horizontal  length  of  the  coil  and  inversely  as 
the  wave  length.  The  coil  aerial  is  hence  particularly  suited 
to  communication  on  short  wave  lengths.  A  coil  aerial  is 
quantitatively  as  powerful  as  an  antenna  only  when  its  dimen- 
sions approach  those  of  the  antenna.  However,  it  is  easy  to 
make  the  resistance  of  a  coil  aerial  circuit  much  smaller  than 
the  resistance  of  the  ordinary  antenna  circuit  and  thus  make  a 
small  coil  as  effective  as  a  large  antenna. 

A  small  aerial  as  effective  as  the  ordinary  antenna  may  be 
secured  without  recourse  to  the  coil  principle  by  using  an 
aerial  consisting  of  a  condenser  having  two  large  parallel 
plates,  arranged  so  that  the  dielectric  of  the  condenser  includes 
no  ground.  The  circuit  of  such  an  aerial  may  be  made  to  have 
a  very  low  resistance.  It  appears  likely  that,  with  the  use  of 
either  condenser  or  coil  aerials  together  with  sensitive  ampli- 
fiers, radio  aerials  will  in  the  future  be  much  smaller  than 
heretofore.  These  principles  apply  with  particular  advantage 
to  airplane  aerials. 

A  coil  aerial  usually  functions  by  a  combination  of  the  pure 
coil  action  and  antenna  action.  The  latter  arises  from  the 
stray  capacities  and  capacities  to  ground  which  are  inevitably 
present.    The  existence  of  these  capacities  may  be  shown  by 
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differences  in  ammeter  readings  at  different  points  of  the  cir- 
cuit. The  antenna  effect  makes  the  actual  received  current  in 
experiments  with  coil  aerials  larger  than  the  values  calculated 
from  the  transmission  formulas.  The  observed  values  are  also 
affected  by  currents  in  neighboring  objects. 

A  formula  for  the  radiation  resistance  of  coil  aerials  is 
worked  out.  Comparison  of  experiment  with  this  formula 
supplies  additional  evidence  that  the  coil  aerial  operates  by  a 
combination  of  antenna  and  coil  effects. 

The  fundamental  principles  of  design  of  aerials  are  given. 
The  various  modes  of  measuring  received  current  and  voltage 
across  the  condenser  are  discussed.  The  relations  of  these 
two  quantities  to  the  electromotive  force  acting  in  the  aerial 
must  be  carefully  observed  in  calculations  or  design.  Recep- 
tion factors  are  derived,  to  which  the  received  current  or  voltage 
are  proportional.  Experimental  data  on  the  functioning  of 
aerials  may  be  secured  either  from  actual  transmission  experi- 
ments or  from  measurements  of  the  quantities  which  enter  into 
the  reception  factor. 

This  investigation  has  opened  up  a  large  and  most  interesting 
field  for  further  research.  Progress  in  the  control  and  utiliza- 
tion of  electric  waves  depends  on  the  investigation  of  such 
theoretical  and  experimental  problems  as  have  been  suggested 
in  Sec.  VII  3  herein. 
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Discussion  on  "Principles  of  Radio  Transmission  and 
Reception  with  Antenna  and  Coil  Aerials*' 
(Bellinger),  New  York,  N.  Y.,  October  1,  1919. 

F.  W,  Grover:  In  the  derivation  of  the  formula  for  the 
field  of  an  antenna,  the  current  is  assumed  to  be  uniform 
throughout  the  length  of  the  antenna,  and  the  field  of  this 
vertical  current  at  a  point  P  is  found  by  using  the  vector 
potential.  In  evaluating  the  latter,  the  assumption  is  made 
that  the  point  P  is  so  far  away,  compared  with  the  height 
of  the  antenna,  that  P  is  sensibly  at  the  same  distance  from 
all  points  of  this  vertical  portion. 

Having  obtained  the  equation  (5)  for  the  field  due  to  this 
vertical  current,  it  is  then  tacitly  assumed  that  this  is  the 
whole  field  of  the  antenna.  Since  it  is  expressly  emphasized 
in  the  latter  portions  (and  rightly  so,  it  will  be  admitted  by 
every  one)  that  the  whole  displacement  current  must  be 
reckoned  as  contributing  to  the  field,  some  explanation  ought 
to  be  given  as  to  why  the  displacement  currents  of  the  antenna 
are  not  taken  into  account  in  this  demonstration.  Thus  far, 
I  have  not  been  able  to  give  a  satisfactory  explanation,  and 
am  here  setting  forth  the  diflBculties  that  have  occuired  to  me, 
in  the  hope  that  I  may  be  set  right  and  that  perhaps  the  objec- 
tions of  others  may  be  forestalled. 

First,  it  would  seem  necessary  to  make  some  assumption 
as  to  the  form  of  the  displacement  lines.  Here  this  is  diflScult, 
because  it  is  assumed  (1)  that  there  is  no  image  of  the  antenna, 
and  (2)  that  the  current  in  the  vertical  portion  is  imiform. 
These  are  of  course,  strictly  speaking,  incompatible  condi- 
tions, since  either  the  displacement  currents  must  return  from 
the  flat  top  to  the  lower  portion  of  the  vertical  wire  which 
combats  assumption  (2)  or  else  they  must  return  by  the  esurth 
which  modifies  statement  (1).  In  any  case,  they  must,  on  the 
whole,  flow  in  the  opposite  direction  to  the  current  in  the 
vertical  portion.  To  some  extent,  then,  it  would  seem  as 
though  the  resultant  effect  of  the  antenna  would  have  to  be 
less  than  that  of  the  vertical  portion  alone. 

Suppose,  to  fix  ideas,  that  the  displacement  currents  flow 
vertically.  Then,  if  we  consider  a  filament  of  displacement 
current  C  D,  it  may  be  regarded  as  completing  the  circuit  of 
an  equal  current  in  the  vertical  portion  B  A.  Similarly,  the 
symmetrically  placed  filament  E  F  forms  a  portion  of  a  circuit 
B  A  E  F.  If  each  current  in  B  A  produce  a  field  H  at  a  point 
P  in  the  plane  of  rectangle,  the  effect  of  B  A  totals  2  H,  which 
may  be  represented  by  the  vector  0  F  (Fig.  3).  E  F  produces 
a  field  H  which  is  6  degrees  different  in  phase  from  the  vector 
opposite  to  0  F.  This  may  be  represented  by  0  G,  just  as 
in  the  demonstration  for  the  coil.  The  currents  A  D  and 
B  E  balance  out  in  their  effects  at  a  distsmt  point.  In  like 
manner,  current  C  D  gives  a  field  H  of  phase  0  K.    The  field 
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due  to  currents  A  C  and  D  B  balance  out  at  point  P. 
resultant  must  accordingly  be  H'  =  2  H  —  2  fl  cos  & 


The 


or 


H'  =  2  fl  (1  -  cos  e)  =  4  H  sin^  0/2 
=  4  H  ^/4  =  H  e«  when  d  is  small 
=  fl  .  4  7r«  {l/\y 

which  is  much  smaller  than  H. 

'  This  treatment  may  be  extended  to  the  whole  antenna,  each 
filament  of  displacement  current  being  regarded  as  completing 
the  circuit  of  an  equal  current  in  the  vertical  portion.  It 
would  seem,  then,  that  the  effect  of  the  whole  antenna,  of  the 
symmetrical  constructioh  here  shown,  must  be  much  less  than 
that  of  the  vertic^  portion.  In  fact,  whereas  the  radiation  of 
a  coil  is  a  second  order  effect,  that  calculated  above  is  a  third 
order  effect,  being  the  difference  of  two  coil  effects. 
,.;;Now,  actually,  the  displacement  lines  of  flow  will  not  be 
straight  lines  but  curved.    Each  element  of  a  curved  path  of 
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current  may,  however,  be  regarded  as  equivalent  in  its  magnetic 
effect  to  the  sum  of  a  vertical  and  horizontal  element  (Fig.  4). 
Simiming  up  for  the  whole  line,  the  horizontal  elements  tend 
to  balance  out  in  their  effects  at  a  distant  point,  while  the 
vertical  elements  sum  up  to  give  the  effect  of  a  vertical  current 
between  the  antenna  and  the  ground.  In  any  case,  where 
the  antenna  is  symmetrical  about  the  vertical  portion,  the 
above  conclusion  of  a  resultant  field  much  smaller  than  that 
due  to  the  vertical  portion  alone  seems  to  be  justified. 

Likewise  the  same  ideas  and  conclusions  seem  to  follow  for 
an  antenna  consisting  of  a  single  vertical  wire.  For  the  dis- 
placement lines  may  be  regarded  as  equivalent  to  vertical 
currents  opposite  in  direction  to  the  current  in  the  wire.  Any 
two  current  filaments  symmetrically  placed  about  the  vertical 
wire  may  be  combined  with  equal  currents  in  the  vertical  wire 
and  are  equivalent  to  equal  rectangles  in  the  same  plane  as  in 
the  previous  demonstration.    If  the  point  P  is  in  their  plane, 
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the  equation  for  the  resultant  field  given  above  holds.  Other- 
wise the  factor  cos  a  has  to  be  applied  to  this,  and  the  resultant 
would  be  very  small  in  every  case. 

Applying  the  same  ideas  to  an  L  antenna,  it  would  seem  that 
it  should  be  equivalent  to  a  coil  of  width  somewhere  between 
zero  and  the  length  of  the  antenna  I.  That  is,  such  an  antenna 
should  be  directive  like  a  coil  and  its  field  should  be  a  second 
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order  effect  like  that  of  a  coil,  t.  e.  less  than  that  due  to  the 
vertical  portion. 

In  the  case  of  the  low  condenser  aerial  we  are  not  met  by 
these  difficulties,  since  we  may  regard  the  circuit  as  being  com- 
pleted through  a  coiled  wire  of  negligible  vertical  portion  and 
the  coil  is  of  such  small  dimensions  that  it  may  be  negligible 
in  its  "coil  effect."  The  current  in  the  dielectric  only  would 
then  need  to  be  considered.  tkM  i^ 
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Recapitulation.  To  agree,  then  with  the  formulas  of  this 
paper  and  with  the  experimental  results,  it  would  seem  neces- 
sary to  consider  for  coil  effect  only  the  current  in  the  metallic 
portions.  The  condenser  aerial  may  be  treated  by  considering 
only  the  dielectric  current.  The  antenna  can  be  treated  by 
considering  either  the  current  in  the  dielectric  or  the  current 
in  the  vertical  portion  alone.  Taken  together  they  nearly 
C^nc^l  out,    For  unity,  it  would  ^eejn  to  be  th^  dielectric  cuac-^ 
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rent  which  should  be  chosen  as  in  the  condenser  aerial.  Finally, 
then,  what  is  the  reason  why  the  whole  circuit  should  not  be 
considered  ? 

Discussion  of  the  Distinction  between  Radiation  and 

Induction 

The  magnetic  field  due  to  a  vertical  current  i  =  h  sin  cot 
is,  for  a  point  P  at  a  large  distance  d  from  the  current, 

Ht  = 157^  ^^s  o){t-  d/c)  -  -jQ^  sin  co  (^  -  d/c)  (5) 

= Jo"  Td  ^^^  ^^       ^^^  ~   10d2  ^^^  ^  ^         /^^ 

The  negative  signs  simply  take  account  of  the  fact  that  if  the 
current  is  along  the  positive  Z  axis,  and  the  distance  d  is 
measured  along  the  positive  X  axis,  the  magnetic  field  must 
be  along  the  —  Y  axis.  The  first  of  these  terms  is  called  the 
radiation  field  and  the  second  the  induction  field. 

The  time  d/c  is  the  interval  which  must  elapse  for  a  dis- 
turbance at  the  origin  to  travel  the  distance  d  to  the  point  P. 
That  is,  action  at  P  at  any  moment  i  depends  upon  the  value 
of  the  current  at  a  moment  d/c  seconds  previous. 

A  comparison  of  the  expressions  for  the  two  fields  shows  that 
the  induction  field  is  in  phase  with  the  current  (excepting  for  its 
interval  d/c)  but  that  the  radiation  field  is  90  degrees  different 
in  phase.  Due  to  the  presence  of  d^  in  the  denominator  the 
induction  field  falls  off  rapidly  with  the  distance.  For  small 
values  of  X,  the  radiation  field  diminishes  not  only  less  rapidly 
with  the  distance  than  the  induction  field,  but  for  a  given 

distance  greater  than  75 —  ,  it  is  greater  in  amplitude  than  the 

induction  field. 

It  is  thus  easy  to  see  that  the  ''induction  field''  is  the  usual 
field  sensibly  in  phase  with  the  current,  which  we  consider  as 
inducing  e.  m.  f.  in  nearby  circuits.  Further,  at  low  fre- 
quencies (long  wave  length)  the  radiation  field  is  negligible. 
Thus  the  discussion  in  the  paper  of  the  mathematical  dis- 
tinction between  the  two  terms  is  easily  seen.  The  term 
"induction  field''  is,  as  just  stated,  appropriate,  and  the  first 
term,  which  formulates  the  only  portion  of  the  field  which  is 
important  at  radio  frequencies  and  distances  is  very  properly 
called  the  ''radiation  field."  Also,  it  is  very  important  to 
emphasize  the  fact  that  both  fields  are  always  present,  even 
though  one  of  them  may  be  entirely  negligible.  A  further 
I>oint  which  may  be  properly  emphasized  is  that,  since  the 
time  d/c  required  for  the  propagation  of  the  field  can  never 
be  exactly  zero,  it  is  never  rigorously  correct  to  speak  of  the 
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magnetic  field  at  a  point  as  being  strictly  in  phase  with  the 
current  which  produces  it. 

It  is  not  so  easy,  however,  to  agree  entirely  with  the  state- 
ment in  the  paper  of  the  physical  difference  of  the  two  fields. 
It  would  seem  to  be  misleading  to  sx)eak  of  the  induction  field 
as  "fixed  in  space"  (last  line  of  p.  1865).  The  presence  of  the 
quantity  d/c  m  the  sine  factor  of  the  induction  field  shows  that 
this  field  must  travel  with  the  velocity  of  light,  as  well  as  the  ra- 
diation field.    At  each  point,  the  field  oscillates,  but  for  two 

points  separated  by  a  distance  X,  the  quantity differs    by 

c 

2  TT,  SO  that  the  field  is  in  the  same  phase  at  such  points, — 
although  the  amplitude  of  oscillation  is  different. 

This  propagation  of  the  induction  component  of  the  field 
with  the  velocity  of  light  is  also  evident  from  a  consideration 


1 
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Wave  PropofBtion 

b 
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of  the  induction  of  e.  m.  f.  With  regard  to  this  the  induction 
field  has  no  monopoly.  The  induction  of  e.  m.  f .  in  a  conductor 
by  the  radiated  field  is  treated  in  equation  (17),  the  usual 
idea  of  relative  motion  of  conductor  and  field  being  employed, 
except  that  here  the  relative  velocity  is  the  velocity  of  light, 
a  velocity  far  transcending  any  veloaty  attainable  in  electncal 
generators.  The  ordinary  induction  case,  analogous  to  this, 
IS  the  induction  of  e.  m.  f .  in  a  coil  through  which  the  number 
of  magnetic  lin€s  is  suddenly  changed  by  varying  the  current 
in  the  circuit  or  in  an  adjoining  circuit.  It  is  easy  to  show  that 
the  usual  method  of  calculating  the  e.  m.  f .  as  equal  to  the  time 
rate  of  change  of  the  number  of  magnetic  lines  through  the 
coil  is  entirely  equivalent  to  that  derived  on  the  assumption 
of  a  relative  motion  between  the  coil  and  the  field  equal  to  the 
velocity  of  light.    The  following  is  a  proof  of  this  point. 

Consider  a  rectangular  circuit  of  height  h  and  length  I  in 
the  direction  of  propagation  of  the  wave.    The  induction  field 

has  a  value  -tttJ^  sin   w  (t  —  d/c)  at  points  along  the  nearer 

side  of  the  circuit,  so  that  the  induced  e.  m.  f.  in  this  side 

is  by  (17)  (relative  motion  conception)     ^^^°  sin  w  (t  —  d/c). 

The  e.  m.  f .  induced  in  the  further  side  is  likewise 
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^ix  /J  .  Vo  sin  w  I   t — —  I .    The  resultant  e.  m.  f.  in 

10  (a  +  0  y  c         I 

the  coil  is  the  difference, 

E  =  !L^^     l/d^sin  i^it-  die) 

I         .        /.       d  +  l 
sin 


(d  +  ly 

If  { is  small  compared  with  d,  this  gives 
hbc 


\in  (ol  t  — 


E  =  - 


10  d 
or,  for  I  small  compared  with  X  . 


«           / ,       d  +  l/2\    .      0)  Z  1 
2  cos  0)  I   t ■ — - —  I  sm  75 — 


„  h  b  <al  lo 


(,_l±iZi) 


According  to  the  usual  conception,  we  find  the  number  of 
lines  through  the  coil,  Hhl,  and  differentiate  with  respect  to 
the  time.  For  H  we  may,  for  values  of  {  small  compared 
with  X,  consider  the  average  phase  as  that  of  the  center,  and 
neglect  the  difference  between  d*  and  (d  +  Z/2)^ 

Thus 


.,       hhlU    .        /,       d  +  Z/2  \ 


and 


„  dN  hblo)Io  I ,       d  +  l/2 

^  =~  TT  ="       10 d^      "^"   ' 


wf  t- 


The  two  methods  are  in  agreement,  and  for  coils  whose 
dimensions  are  small  in  comparison  with  the  wave  length,  and 
whose  distance  from  the  source  is  small,  we  have  our  usual 
expression  giving  an  e.  m.  f .  90  deg.  behind  the  field  (current) 
in  phase. 

Rex)eating  the  demonstration  with  the  radiation  field,  we 
have  from  (17) 


E  =  — T^ .  c     cos  CO  (^  -  d/c)  -  cos  w  (  t  — 

2h  0)  b  lo     -      (ol      .        /  ^ 
--       10  X       «"-27-^^»^(^^- 


d  +  I 


d  +  l/2 
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u)^hblIo     .        / ,       d  +  l/2 
-  -  sin    * '   *  ' 


in  w  I  t  — 


10  ex 
By  the  second  method 

XT        ha)Io     .J             ( ,       d^^l/2 
N  =     ^^        .  0  Z .  cos  CO  I   t • — ^— 


dt  10  c  X       "'"  '^ 


) 


In  this  case  also  the  two  methods  lead  to  identical  results. 

The  conclusion,  therefore,  seems  to  be  certain,  that  both 
fields  are  propagated  with  the  velocity  of  light,  and  that  both, 
when  they. cut  a  conductor,  give  rise  to  an  induced  e.  m.  f. 
which  induces  it.  Since  the  two  fields  differ  in  phase  bv  90  deg. 
the  e.  m.  fs.,  will  also.  On  account  of  the  relatively  insig- 
nificant magnitude  of  the  radiated  field,  however,  at  the  usual 
a-c.  frequencies,  and  the  small  distances  involved  in  usual 
apparatus,  the  e.  m.  f.  induced  by  the  induction  f  eld  only 
need  be  considered  m  electric  generators  and  transformers. 

Another  distinction,  which  is  made  in  the  paper,  is  that 
accompanying  the  radiation  field,  there  is  propagated  an  elec- 
trostatic field  which  bears  a  constant  ratio  to  the  magnetic, 
while  with  the  induction  field  there  is  no  such  constant  prede- 
termined relation.  From  what  has  already  gone  before,  it 
would  seem  that  this  constant  relation  between  H  and  E  must 
also  be  true  of  the  induction  field.  The  induced  e.  m.  f.  in  a 
wire  of  length  h  has  been  shown  to  be  equal  to  cHh .  10~« 
(equation  17)  and  I  have  shown  above  that  this  equation  is 
true  for  both  components  of  the  magnetic  field.  Now,  in  the 
present  case,  the  field  is  supposed  to  oe  uniform  along  the  wire, 
so  that  the  electrostatic  field,  which  is  equal  to  the  e.  m.  f .  per 
cm.,  must  be  c  H .  10"^  or  300  H,  in  which  H  includes  both 
components.  The  statement  is  made  1366  that  this  rela- 
tion is  true  only  in  a  radiated  wave,  but  it  must  not  be  concluded 
herefrom  that  for  H  only  the  radiation  field  is  to  be  taken. 
Both  fields  are  radiated,  and  the  induction  field,  however  small 
it  is,  must,  strictly  speaking,  be  included  in  H  in  the  above 
relation. 

As  to  what  is  the  difference  in  physical  nature  between  the 
radiation  and  induction  fields,  there  remains  the  point  men- 
tioned in  the  first  paragraph  of  1367,  "The  portion  of  the 
energy  associated  with  this  disturbance  that  does  not  return 
to  the  radiator  is  that  connected  with  the  first  term  of  equation 
(31)"  (i.  e.  the  radiation  field).  This,  of  course,  means  that 
the  energy  associated  mth  the  induction  field,  although 
naturally  it  flows  back  and  forth,  must  average  zero.  That 
is,  the  flow  through  any  volume  element  in  one  direction  over 
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half  the  cycle  is  equal  to  the  flow  in  the  opposite  direction 
during  the  remainder  of  the  cycle. 

Now  this  statement  appears  plausible,  and  from  the  usual 
a-c.  idea  of  wattless  current  is  what  would  be  expected  of  the 
induction  field.  T  have,  however,  been  unable  to  prove  it, 
and  the  demonstration  given  below  would  seem  to  lead  to  the 
idea  that  a  portion  of  the  energy  associated  with  each  field  is 
returned,  and  a  portion  radiated,  i.  e.  that  there  is  no  differ- 
ence in  nature,  respecting  net  energy  flow,  between  the  two 
components  of  the  fleld. 

In  the  case  of  a  simple  making  of  a  steady  current  /,  energy 
is  flowing  out  to  all  points  of  space  during  the  rise  of  the  cur- 
rent and  finally  after  an  infinite  time,  there  is  a  distribution 

H*  u 
of  energy  through  space  of  q       per  cu.  cm.  which,  since  H  de- 

O  TT 

creases  and  becomes  zero  at  infinite  distance,  is  less  in  remote 
regions  and  greater  near  the  circuit,  but  finite  in  sum  and  equal 
to  1/2  L  P. 

When  the  current  is  broken,  this  energy  all  eventually 
returns  to  the  source.  If  the  current  is  made  to  rise  and  fall 
periodically,  however,  it  is  easy  to  comprehend  that  some  of  the 
energy  sent  out  would  not  have  a  chance  to  come  back  before 
the  flow  of  energy  again  takes  place  away  from  its  source,  so 
that  some  of  the  energy  would  be  permanently  severed  from 
the  source.  Since  this  would  appear  more  likely  to  be  the 
case,  the  higher  the  frequency,  it  is  natural  to  suppose  that 
this  energy  would  be  that  propagated  by  the  travelling  of  the 
radiation  field  rather  than  that  connected  with  the  moving 
induction  field  whose  amplitude  does  not  involve  the  wave 
length.  In  what  follows,  the  idea  of  the  Pojmting  vector  is 
introduced  to  investigate  this  matter. 

The  Pojoiting  theorem  states  that  the  instantaneous  flow 
of  power  through  any  portion  of  space  is  equal  to  1/4  tt  times 
the  integral  of  the  normal  component  of  the  vector  product 
of  the  electrostatic  and  magnetic  fields,  taken  over  the  entire 
bounding  surface  of  the  space  in  question. 

In  the  present  instance,  the  electrostatic  field  is  along  the 
Z  axis,  the  magnetic  field  along  the  —  Y  axis  and  the  flow  of 
energy  along  the  X  axis.  The  flow  of  energy  through  an  ele- 
ment of  volume  dV  =  dxdydzis  equal  to  the  excess  of  the 
amount  through  one  dy  dz  face  over  that  through  the  opposite 
face.  Since  H  and  E  are  at  right  angles,  the  vector  product 
is  their  simple  product. 

Taking  a  point  (x,  y,  z)  the  power  entering  the  face  dy  dz 

is  —j —  dy  dz.    That  over  the  opposite  face  is 

4  TT 
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4  TT 


dydz,  so  that  the  net 


limit,  -i —  I J 

4  TT   \ 


power,  is,  in  the  limit,  -j^  (  H  -^ h  £?  -t —  )  dy  dx  dz. 


Now  we  have  shown  that  E  =  cHso  that  the  power  is 

1    /    Tj    dH           rr  dH  \  J  fT       2  e   rj   d H  J  jT 
i —  {  cH  -J h  cH  --j —  Idy  =  -3 —  «  -J dV 

t7r\  dx  dx  J  47r         dx 


4 
If  we  place  H  =  Hr  +  Hi,  the  power  is 


^(H,  +  H.,(^+«i).y 


Now 


y,        h  CO  Iq  ,.         /  V 


d  Hr        ,    h  0)^  Iq  *        , .        ,  V 


h  (t)  lo  /.       /  X 

35-^^cosa,«-x/c) 


H<  =  "yq^  sin  a>(t-  x/c) 


dHi  <i)     h  Jo  /.        /^x 

-  "Xo^r-  an  w  (« -  at/c) 

The  term  Hr     ,    ''    may  be  regarded  as  due  to  the  radiation 

a  X 

field  only,  that  due  to  the  induction  field  is  Hi     ,    *  ,  and  the 


remaining  terms 


("'^^"■i^^yy 
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may  be  regarded  as  the  power  due  to  the  interaction  of  the 
electrostatic  field  of  one  component  magnetic  field  with  the 
other  component  of  the  magnetic  field. 


2  A2  7,2 

lOOF^  sm«  CO  {i  -  x/c) 


d  H.  h^l 


2 


Hi  -^^r^   =     ;  ""  ,  sin2  w  (<  -  x/c) 


d  X  100  X 


3 


^2/2 

-  ]^QQ^4    (w/c)  sin  CO  (^-  x/c)  cos  co  (i-  x/c) 

2  A*  Jn^ 

-  ]^QQ^4    (co/c)  COS  CO  (<  -  x/c)  sin  co  (t  -  x/c) 

Now  the  terms  in  cos  (t  —  x/c)  sin  (t  —  x/c)  integrated  over 
a  whole  cycle  give  zero,  but  the  terms  in  cos*  (t—  x/c)  and 
sin*  {i  —  x/c)  give  a  finite  amount,  since  the  integral  of  sin* 
or  cos*  over  a  cycle  gives  1/2.  It  would  appear,  then,  that  the 
induction  component  as  well  as  the  radiation  component  con- 
tributes to  the  radiation  of  energy.    At  large  distances  and 

short  wave  lengths,  however,  the  Hi  -i — '  term  is  the  smallest 

d  H ' 
of  all.    On  the  other  hand  the  Hr  -i — •'  term  is  equal  to  the 

Cv  X 

Hr  —J — -  term, 
ax 

In  conclusion,  then,  there  seems  to  be  no  essential  differ- 
ence in  the  nature  of  the  two  components  of  the  magnetic 
fields,  except  in  the  way  they  vary  with  the  frequency  and  the 
distance  from  the  source. 
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A.  Press:  In  the  paper  by  Dr.  Dellinger  mention  is  made  of 
a  method  which  has  been  referred  back  to  some  work  of  Prof. 
Lorentz.  Strangely  enough  the  same  general  method  was 
gone  over  quite  independently  by  myself  but  I  must  say  that 
it  seems  to  me  that  the  real  value  of  the  method  of  vector 
potentials  suggested  is  rather  approximative.  In  the  case 
of  a  horizontal  antenna  which  was  the  case  considered  in  my 
own  investigations  the  difficulty  arose  in  imagining  the  manner 
in  which  the  interlinked  flux  lines  or  rather  the  interlinked 
flux  sheets  could  disentangle  themselves  from  the  conductors 
(or  coils) . 

The  true  basis  after  all  of  estimating  the  value  of  H  must 
be  the  Maxwellian  equations  of  wave  propagation.  In  my 
later  work  therefore,  which  by  the  way  was  gone  into  in  my 
classes  at  the  University  of  California  about  a  year  ago  I  gave 
the  following  derivation: 

A  round  wire  is  assumed  to  carry  a  current 

i  =  /o  sin  p  t 
It  is  required  to  determine  the  type  of  magnetic  field  that  is 
set  up  as  a  function  of  the  wave  length  of  the  system.  The 
individual  conductors  of  a  two-wire  parallel  system  will  be 
investigated  with  the  origin  at  the  center  of  a  conductor.  The 
required  equations  of  condition  are  (for  polar  coordinates) 

dBe  ^  d E 
dt     ~  d  7 

dD%  _  .  I     TT    ,  dHe 
The  above  two  equations  can  be  made  to  result  in  the  following 


dt^         ^  '     d  7      '    d  7^ 


Writing  the  simpler  of  the  two  equations  in  the  form 

With  J, 

a  solution  is  found  to  be 
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D.!=- 


7o  cos  p  t 


2»«   '  y        '       /  2ira 


.(^) 


where  a  is  the  radius  of  the  wire  and  p  =  2  tt/, 
which  leads  to  the  corresponding  solution  for  H  which  is 


•^■(^) 


Ht  =  -3 . .sinp( 

2ira 


(     2ira    \ 

A—>r-) 


It  is  seen  therefore  that  there  is  no  out  of  phase  term  but 
rather  that  a  stationary  wave  is  set  up.  The  above  solution 
therefore  does  not  offer  any  physical  difficulties  of  picturing 
interlinked  flux  lines  disentangling  themselves  from  the  sys- 
tem to  produce  radiant  energy.  In  reality  galvanic  effects 
above  described  have  been  foimd  not  to  produce  any  actual 
radiation,  in  the  case  of  a  vertical  antenna.  The  whole  prob- 
lem of  the  vertical  groimded  antenna  has  been  treated  by  the 
writer.  The  radiation  factors  are  gone  into  in  detail  but 
from  the  standpoint  of  wave  propagation  wholly. 


PressnUd  at  a  joint  meeting  <^  the  American 
Institute  of  Electrical  Engineers  and  the  Ameri- 
can Physical  Society,  Philadelphia,  Pa,,  October 
10.  1919 
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THE  VACUUM  TUBE  AS  A  GENERATOR  OF 
ALTERNATING-CURRENT  POWER 


BY  JOHN  H.  MORECROFT  AND  H.  TRAP  FRHS 


Abstract  of  Paper 

The  first  part  of  this  article  deals  with  the  operation  of  the 
tube  when  separately  excited,  the  variation  of  power  with  the 
amount  of  excitation,  the  load  impedance,  etc.,  and  also  gives  an 
analysis  of  the  forms  and  phases  of  voltages  and  currents  in  the 
different  parts  of  the  circuit. 

The  second  part  deals  with  the  efficiency  of  the  tube  as  a  gen- 
erator; the  action  is  analyzed  in  detail  and  the  conditions  for 
maximum  efficiency  deduced,  the  theoretically  deduced  con- 
clusions being  substantiated  by  experimental  data.  Oscillo- 
grams are  given  to  show  the  action  of  the  tube  under  practically 
all  the  conditions  which  are  likely  to  occur. 


'T'HE  three-element  vacuum  tube  utilizes  the  controlling 
*  effect  of  the  grid  potential  on  the  plate  current,  that  is, 
the  electron  flow  from  the  hot  filament  to  the  cold  (compara- 
tively) plate.  It  may  be  used  as  a  detector  of  high-fre- 
quency waves  as  used  in  radio  communication,  or  as  an  am- 
plifier of  electrical  signals  of  any  frequency  or  as  a  generator 
of  alternating-current  power  of  practically  any  frequency  de- 
sired, from  perhaps  one  cycle  per  second  to  a  lymdred  million 
cycles  per  second.  This  paper  deals  with  its  use  as  a  generator; 
it  seems  that  such  a  paper  is  well  worth  while  because  of  the 
undoubtedly  -wide  use  which  will  be  made  of  the  tube  as  a 
convenient  source  of  high-frequency  power,  especially  for 
laboratory  purposes,  and  radio  telegraphy  and  telephony. 

A  three-electrode  tube,  such  as  the  Type  P  pliotron,  will 
give  about  500  watts  of  high-frequency  power  at  any  frequency 
desired.  In  addition  to  the  tube  itself  there  is  required  a 
small  continuous  current  generator  of  about  2500  volts  and 
a  set  of  suitable  coils  and  condensers.  Its  only  competitor  as 
a  piece  of  necessary  laboratory  apparatus  is  the  high-frequency 
alternator;  this  is  however  no  true  competitor,  its  compara- 
tively high  cost,  difficulty  of  speed  control,  limitation  of  fre- 
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quency,  decrease  of  output  at  frequencies  differing  widely  from 
that  for  which  it  was  built,  attention  required  to  maintain  it 
against  mechanical  failure,  make  the  vacuum  tube  superior 
imless  several  kilowatts  of  power  are  required ;  in  this  case  the 
Poulsen  arc  must  also  be  considered.  Even  then  the  flexibility 
of  the  tube  circuit  gives  it  a  marked  advantage  over  the 
machine.  For  the  very  high  frequencies  the  tube  is  the  only 
practical  source  of  power. 

Power  output  of  the  tube  and  its  varicUion  under , different 
conditions.  The  relation  between  plate  current,  grid  potential, 
and  plate  potential,  is  given  by  the  equation 

/p  =  A  (Ep  +  Mo  E„y  (1) 

in  which  Ep  =  plate  potential,  referred  to  filament, 
Eg  =  grid  potential, 
Ip   =  plate  current, 

A    =  a  constant,  depending  on  the  size  and  spacing 
of  the  parts  of  the  tube. 

The  factor,  /xo,  is  called  the  theoretical  voltage  amplification 
factor  of  the  tube;  it  really  indicates  the  relative  effectiveness 
of  the  grid  and  plate  potentials  in  controlling  the  plate  current. 
The  exponent,  x,  has  been  given  as  1.5  and  2  by  various  writers; 
it  is  however  a  variable,  not  a  constant.  Its  value  is  nearly 
2  for  most  tubes  throughout  a  large  variation  in  Ep  and  Eg, 
but  for  extreme  values  of  either,  x  departs  widely  from  this 
value.  Equation  ( 1 )  is  based  on  the  assumption  that  the  plate 
current  is  not  large  enough  to  draw  from  the  filament  all  of 
the  electrons  emitted  from  its  hot  surface,  that  is,  Ip  is  less 
than  the  saturation  current  of  the  tube. 

The  study  of  the  output,  phase  relations,  etc.,  was  carried 
out  with  a  type  P-10  pliotron,  rated  at  1000-r2000  volts  on 
the  plate,  filament  current  of  3.65  amperes,  and  a  safe  loss  on 
the  plate  of  250  watts.  The  connections  were  as  shown  in 
Fig.  1;  in  reality  the  grid  is  placed  between  the  plate  and 
filament  but  in  this  diagram,  as  in  the  succeeding  ones,  we 
have  placed  it  on  the  opposite  side  of  the  filament  to  gain  clarity 
in  the  circuit  diagrams.  The  continuous-current  generator 
Eb  furnishes  about  1000  volts  to  the  plate  through  a  choke 
coil  Li,  this  being  suitably  large.  The  continuous-current 
generator  Ee  serves  to  maintain  the  grid  at  an  average  negative 
potential  of  any  desired  amount,  and  the  alternator  Eg  furnishes 
the  exciting  potential  to  the  grid.  The  condenser  Ci  must 
have  a  comparatively  low  reactance  if  a  resistance  load  is 
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being  studied;    in  series  with  this  is  the  load  resistance  R, 
which  absorbs  the  alternating-current  power  generated. 

The  alternating-current  resistance  of  the  plate  circuit  of  the 
tube  Rp  is  the  factor  which  determines  how  large  Li  and  Cx 
must  be;  the  value  of  Rp  varies  somewhat  with  the  magnitude 
of  the  exciting  voltage  Eg,  For  large  values  of  Eg  it  is  equal 
to  Eh  divided  by  J^,  if  the  resistance  of  Li  is  low;  if  this  resist- 
ance is  appreciable  the  voltage  Ep  must  be  used  instead  of 
Eft.  For  small  values  of  the  exciting  voltage  Eg  the  value  of 
Rp  is  lower  than  this,  perhaps  one  half  or  one  third.  The 
values  of  Li  and  Ci  must  be  so  chosen  that  for  the  frequency 
used  the  reactance  of  L\  is  large  compared  to  Rp  and  that  of 
Ci  is  small  compared  to  Rp.  The  suitable  values  of  Li  and  Ci 
are  really  determined  by  the  value  of  the  load  resistance,  /?, 
but  as  this  must  be  of  about  the  same  value  as  /2p  if  much 
power  is  to  be  delivered,  Rp  does  indirectly  fix  their  values. 


rwTnnr- 
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When  the  grid  potential  fluctuates  the  plate  current  must 
vary  in  magnitude  according  to  the  relation  given  in  equation 
(1)  ;this  fluctuating  current  is  equivalent  to  a  continuous  current 
with  an  alternating  current  superimposed;  the  alternating 
component  will  practically  all  flow  through  the  i2-Ci  circuit 
because  of  the  high  reactance  of  the  coil  Li. 

The  first  effect  studied  was  the  variation  of  output  as  the 
value  of  the  load  resistance  R,  was  varied,  the  excitation  being 
comparatively  low;  the  results  are  shown  in  Fig.  2.  The 
curve  sheet  shows  the  variation  of  the  various  quantities  as 
the  value  of  R  was  changed ;  it  is  seen  that  a  maximimi  output 
occurred  with  R  equal  to  1000  ohms.  For  the  conditions  of 
this  test  the  value  of  Rp  was  1100  ohms,  although  the  quotient 
of  Ep  and  /  h  gives  very  nearly  3000  ohms. 


1420 


MORECROFT  AND  FRIIS: 


[Oct.  10 


the  exciting  voltage  is  increased  is  given  in  Fig.  4;  assuming  a 
constant  input,  the  output  and  losses  follow  the  variation  shown. 
The  efficiency  may  reach  quite  high  values  when  suitable 
adjustments  are  made.  In  the  small  sets  used  by  the  Signal 
Corps  the  tubes  were  adjusted  for  an  efficiency  of  about  30  per 
cent  but  it  has  been  found  possible  to  so  adjust  one  of  these 
tubes  in  the  laboratory  as  to  get  a  fair  output  with  an  efficiency 
better  than  70  per  cent. 

Phases  and  Forms  of  Currents  and  Voltages  in  a  Tube  Circuit. 
If  the  impedance  of  the  power  supply  circuit  (Fig.  1)  is  very  high 
compared  to  that  of  the  load  circuit  the  current  J^  is  constant, 
and  the  equations  of  the  alternating  current  circuit  may  be 
worked  out  as  though  the  power  supply  circuit  did  not  exist. 

When  a  voltage  E„,g  sin  ca  t  is  impressed  on  the  grid  the 


^/00 


r^/9€r  /^/oAoe  /ncreose  />»  ^  mn^  JE^ 

Fig.  4 


changes  produced  in  the  plate  current  are  the  same  as  though 
a  voltage  /xo  Fl^,g  sin  co  t  had  been  introduced  into  the  plate 
circuit.  The  changes  produced  in  the  plate  current  circuit  by  the 
grid  excitation  may^be  calculated  on  the  assumption  that  the 
voltage  /Xo  ^m<  sin  co  t  was  operating  in  the  plate  circuit.  Thus 
a  voltage  Eg  on  the  grid  is  replaced  in  our  calculations  by  a 
suppositious  voltage  \L^Eg  in  the  plate  circuit;  the  current 
produced  by  this  voltage  can  be  at  once  calculated  from  the 
impedance  of  the  circuit  in  which  the  alternating-current  must 
flow,  namely  Rj,,  R,  and  Ci  in  series. 

The  vibrators  of  an  oscillograph  were  introduced  in  the  cir- 
cuit as  shown  by  Fig.  5  and  the  polarities  so  adjusted  that 
currents  in  the  directions  indicate*!  by  the  arrows  are  positive; 
when  a  current  is  shown  on  its  film  below  the  zero  line  the 


£f,  =  900    /s  =  0.25     E.  =  120     E^  =  50    Fbeqcekct  -  140 
Load     R  "  1000  ohhs  C  =  18.4  /n  / 
Fig.  (i 


£(,  =  900     /t  =  0.34  K.  =  120     Kb  =  100    .f  =  140 
Load     R  =  l(HloH\rs     <'  -  18.4  jit/ 
Frc.  S 


wo     /t  =  0.34     Ec  =  120    Eg  =300    /  =  140 
Load     R  =■  1000  ohms     C  =  18.4^/ 
Fio.  7 


1919] 


THE  VACUUM  TUBE  AS  A  GENERATOR 


1421 


direction  of  the  current  was  in  the  opposite  direction  to  that 
shown  by  the  arrow.  The  oscillograph  used  had  only  three 
vibrators;  it  was  sometimes  necessary  to  take  several  exposures 
to  get  all  the  quantities  wanted.  This  was  done  by  always  run- 
ning the  film  at  the  same  speed  and  making  one  curve  (generally 
ip)  conmion  to  all  films;  it  was  then  possible  to  so  place  the 
films  together  for  reproduction  that  all  quantities  were  in  their 
correct  relative  phases. 

In  the  first  circuit  tested  the  total  resistance  in  the  alter- 
nating-current circuit  {Rp  plus  R)  was  about  4000  ohms  and 
the  reactance  of  the  condenser  Ci  was  62  ohms;  we  should 
expect  therfef  ore  that  the  current  Ip  and  voltage  Eg  Would  be  in 
phase  and  moreover  if  the  grid  excitation  is  kept  low  the 
alternating  component  of  the  plate  current,  Ip,  should  be  of  the 
same  form  as  the  grid  voltage.    Then  as  the  voltage  Cp  is 


z: 


y^ 


^-^"^ 
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determined  by  the  constant  voltage  Eb  and  the  drop  in  R,  this 
voltage  must  also  have  a  sine  wave  fluctuation  in  such  phase 
that  when  the  plate  current  is  a  maximum  the  plate  voltage  is 
a  minimum.  Fig.  6  shows  the  form  of  plate  voltage,  plate 
current,  and  grid  voltage,  for  the  conditions  noted  below  the 
film.  It  will  be  seen  that  both  Cp  and  ip  are  sinusoidal  in  form 
and  that  ep  is  180  degrees  out  of  phase  with  eg.  The  grid 
current  was  zero  for  the  conditions  given;  it  may  be  seen  from 
the  film  that  Eg  was  not  sufficiently  large  to  force  the  grid  to  a 
positive  potential. 

In  Fig.  7  are  shown  the  various  quantities  for  a  much  greater 
excitation  than  was  used  for  Fig.  6.  The  plate  current  rises  to 
a  value  of  0.66  amperes  and  decreases  to  zero;  the  current 
flowing  in  the  alternating-current  circuit  must  therefore  have  a 
maximum  value  of  0 .  33  amperes  giving  an  I R  drop  in  R  eoj^^ 
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evidence  that  the  antenna  effect  is  appreciable  in  coil  aerials  is 
furnished  by  considerations  of  radiation  resistance,  which  will 
now  be  discussed.  Following  that,  the  antenna  effect  will  be 
considered  in  more  detail. 

Radiation  Resistance.  It  is  possible  to  determine  whether  in 
a  given  system  the  antenna  effect  or  coil  effect  predominates  by 
measurements  of  radiation  resistance.  The  radiation  resis- 
tance has  different  values  and  follows  different  laws  for  antenna 
and  coil. 

Radiation  resistance  in  general  is  defined  by 

P  =  RP  (56) 

in  which  /  is  the  current  in  the  aerial  used  as  a  transmitting 
device,  P  is  the  power  radiated,  and  R  the  radiation  resistance. 
The  study  of  radiation  resistance  is  an  important  means  of 
facilitating  work  on  aerials.  This  may  be  seen  from  the  simple 
fact  that  the  magnitude  of  the  radiation  resistance  gives  at 
once  the  power  radiated,  and  hence  the  effectiveness  of  a 
transmitting  aerial  or  the  range  of  commimication  can  be 
judged  without  making  transmission  experiments.  Field  tests 
are  thus  in  large  part  replaced  by  laboratory  measurements. 
In  addition  to  this,  it  is  possible  to  discriminate  between  the 
antenna  and  coil  effects. 

The  magnitude  of  the  radiation  resistance  of  a  flat-top 
antenna,  at  wave  lengths  considerably  greater  than  the  funda- 
mental, is  given  by  the  well-known  expression 

Ra  =  (39.7  A/ X)2  (57) 

An  approximate  expression  for  the  radiation  resistance  of  a 
coil  can  be  derived  very  simply,  as  follows.  When  a  radiated 
field  exists  in  any  part  of  space,  the  relation  of  the  power 
radiated  through  that  portion  of  space  to  the  magnetic  field 
intensity  there  existing  is 

P'aH^  (58) 

for  any  given  distance  from  the  source,  whatever  the  source  may 
be.  The  total  power  radiated  is  proportional  to  the  integral 
of  P  over  any  surface  entirely  surrounding  the  source.  This 
integral  will  be  of  the  same  form  for  H^  the  field  due  to  a  coil, 
as  for  Haf  the  field  to  an  antenna,  except  for  the  effect  of  the 
variation  of  He  in  a  plane  aroimd  the  radiating  coil,  which 
varies  from  zero  to  the  value  given  in  (10)  for  any  given  distance 
from  the  source.    As  a  first  approximation,  this  variation  may 
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be  considered  to  make  the  integrated  value  of  H«  one-half  as 
great  as  it  would  be  if  He  had  the  value  given  in  (10)  in  all 
directions  around  the  radiating  coil. 

P  1     H* 


•  • 


From  (8)  and  (10),  for  a  given  distance  from  the  source  and  a 
coil  and  antenna  of  same  height  with  same  current, 

^^    =2  7r-^  (60) 


Ha 

From  (56), 

Re  Pe 


Ra  Pa 

Hence  from  (59)  and  (60) 

=  2  7r» 


Re        ^    .   PN« 


Ra         ""        X« 
Inserting  the  value  of  Ra  from  (57) 

Re  =  31,100.    ^  ^^, 

If  the  coil  is  a  square  one  with  A  =  2  =  a. 

Re  =  (13.3a/X)*N«  (61) 

This  approximate  expression  for  radiation  resistance  of  a  coil 
gives  at  once  the  variation  with  size,  number  of  turns,  and 
wave  length.  E.  g.,  for  a  set  of  coils  of  varjong  size,  in  which 
the  length  of  wire  is  kept  constant.  Re  a  1/N*.  It  shows  that 
for  a  given  ratio  of  size  to  wave  length.  Re  a  N*.  The  principal 
point  of  interest  is  that  Re  is  inversely  proportional  to  the 
fourth  power  of  wave  length. 

Since  the  radiation  resistance  of  an  antenna  is  inversely 
proportional  to  the  second  power  of  wave  length,  and  that  of  a 
coil  inversely  proportional  to  the  fourth  power,  the  radiation 
resistance  furnishes  a  means  of  determining  whether  a  given 
structure  functions  as  a  coil  or  as  an  antenna.  Rough  deter- 
minations of  radiation  resistance  which  were  made  upon  a 
particular  coil  aerial  showed  a  variation  of  observed  radiation 
resistance  inversely  as  the  third  power  of  the  wave  length,  thus 
verifying  the  idea  that  the  action  is  a  combination  of  coil  and 
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antenna  effect.  The  observedlvalues  however  were  all  higher 
than  the  sum  of  the  theoretical  Ra  and  Re.  The  measurement 
of  radiation  resistance  is  an  extremely  difficult  operation,  and 
satisfactory  methods  can  not  be  said  to  have  been  developed  as 
yet. 

Antenna  Efect.  Since  there  are  differences  of  potential 
between  various  parts  of  a  coil,  acting  either  as  a  transmitting 
or  receiving  aerial,  there  must  be  some  dielectric  current 
through  the  space  around  the  coil  and  between  the  coil  and 
ground.  It  follows  that  there  must  be  some  antenna  action, 
proportional  to  the  amoimt  of  this  dielectric  current  and  the 
length  of  path  over  which  it  flows,  and  this  will  produce  a 
current  additional  to  that  produced  by  the  coil  action  unless 
the  coil  structure  happens  to  have  an  exact  sjrmmetry  which 
causes  the  antenna  effect  in  each  part  of  the  coil  to  be  balanced 
by  an  antenna  effect  in  some  other  part. 

Fig.  16  shows  the  origin  of  the  antenna  effect.  As  in  ordi- 
nary practise,  the  leads  cause  some  part  of  the  apparatus  to  be 
practically  at  ground  potential,  the  shield  of  the  condenser  is 
shown  connected  to  ground.  An  appreciable  dielectric  current 
flows  from  various  parts  of  the  conducting  circuit  to  other  parts 
and  to  ground.  Typical  paths  of  this  dielectric  current  are 
shown  by  the  dotted  lines.  The  line  a  b  suggests  the  dielectric 
current  from  the  coil  structure  to  ground,  the  lines  c  d  and  e  / 
the  dielectric  current  between  turns  of  the  coil,  and  the  line 
g  h  the  dielectric  current  between  coil  and  leads.  The  flow  of 
dielectric  current  between  turns  of  the  coil  is  in  a  horizontal 
direction  when  the  coil  is  of  prismatic  form  with  the  turns 
separated  and  all  of  the  same  area.  This  part  of  the  antenna 
effect  arises  in  a  receiving  coil  of  this  form  only  when  the  wave 
front  is  more  or  less  tilted  from  the  vertical. 

On  account  of  the  flow  of  current  off  through  the  dielectric 
from  various  parts  of  the  circuit,  ammeters  placed  at  different 
places  in  the  circuit  would  show  different  values  of  current  to 
be  flowing.  In  radio  circuits  it  can  not  be  assumed  that  the 
current  is  the  same  at  all  points  around  the  conducting  circuit, 
as  was  shown  by  the  author  in  his  investigation  of  high- 
frequency  ciurent  measurement  described  in  Bureau  of  Stan- 
dards S.  206;  1913. 

To  the  extent  that  these  dielectric  currents  flow,  the  con- 
ductors of  the  circuit  may  be  considered  as  an  antenna  system. 
Perhaps  only  the  current  typified  by  the  line  ab  might  be 
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thought  of  as  giving  rise  to  an  "antenna"  effect,  since  the  others 
do  not  flow  to  ground;  still  this  part  of  the  dielectric  current 
does  not  differ  from  the  others  in  nature  or  effect,  and  it  seems 
hence  advisable  to  use  the  suggestive  term  "antenna  effect"  to 
indicate  all  of  the  effects  arising  from  the  presence  of  currents 
in  the  dielectric. 

It  might  be  supposed  that  the  same  sort  of  an  effect  would  be 
caused  by  the  flow  of  dielectric  ciurent  in  the  condenser  of  the 
coil  aerial  circuit.  This  is  not  true  ordinarily  because  a  con- 
denser of  the  laboratory  type  is  used,  in  which  the  condenser 
plates  are  interleaved.  As  shown  in  Fig.  17,  the  current  in  one 
direction  in  the  dielectric  is  balanced  by  a  ciurent  in  the  oppo- 
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Fig.  16 — Paths  of  Dielec- 
tric Currents  which  Cause 
Antenna  Effect  in  Coil  Aerial 


Fig.  17 — Directions  of  Flow 
OF  Dielectric  Currents  in 
Laboratory  Type  of  Conden- 
ser 


site  direction  in  the  neighboring  part  of  the  condenser.  This 
is  a  non-radiating  condenser;  and  is  the  analog  of  a  non- 
inductive  coil,  which  is  also  non-radiating.  A  condenser 
consisting  of  a  single  pair  of  plates  would  radiate,  but  is  not 
ordinarily  used  because  it  would  be  much  bulkier  than  the 
laboratory  type  of  condenser.  The  condenser  consisting  of  a 
single  pair  of  plates  would  be  in  fact  the  "condenser  aerial," 
which  has  been  recommended  by  the  author  in  Sec.  IV  3  as 
worthy  of  serious  consideration  in  radio  practise. 

The  effect  of  the  distributed  capacities  of  the  aerial  circuit 
must  not  be  confused  in  any  way  with  the  phase  angle  between 
the  fields  existing  at  the  two  vertical  sides  of  the  coil  aerial. 
The  phase  angle  referred  to  is  the  seat  of  the  action  of  the  coil 
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aerial  as  such.  The  dielectric  currents  flowing  in  the  distributed 
or  stray  capacities  of  the  circuit,  however,  give  rise  to  the 
direct  action  as  an  antenna,  not  depending  in  any  way  on  the 
separation  between  the  two  vertical  sides  of  the  coil.  All  of 
these  remarks  apply  both  to  transmission  and  reception. 

It  is  rather  difficult  to  determine  what  fraction  of  the  ^ect 
of  a  coil  aerial  is  due  to  antenna  action  and  what  part  to  coil 
action.  In  many  cases,  doubtless,  the  antenna  action  pre- 
dominates. It  is  possible,  however,  to  separate  the  effects  in 
any  particular  case  by  the  several  different  methods.  The 
antenna  effect  may  be  calculated,  at  least  for  parts  of  the  cir- 
cuit, by  the  aid  of  careful  ammeter  readings  which  show  what 
amount  of  the  current  has  flowed  off  into  the  dielectric.  The 
antenna  effect  may  be  eliminated,  thus  leaving  only  the  coil 
effect,  by  a  carefully  arranged  system  of  shields  and  grounds; 
or,  by  a  sjrmmetrical  arrangement  of  the  coil  structure  which 
causes  the  antenna  effect  in  each  part  to  be  balanced  by  the 
antenna  effect  in  some  other  part.  The  coil  effect  may  be 
eliminated,  on  the  other  hand,  in  the  case  of  a  receiving  coil,  by 
taking  advantage  of  the  fact  that  the  coil  effect  depends  on  the 
direction  of  orientation  while  the  antenna  effect  (at  least  the 
major  part  of  it)  does  not;  i.  e.,  by  turning  the  coil  so  its  plane 
is  parallel  to  the  wave  front.  A  method  which  eliminates  the 
coil  effect  and  retains  a  part  of  the  antenna  effect  is  to  open  one 
of  the  coil  leads,  thus  leaving  the  coil  aerial  connected  to  the 
circuit  at  one  point,  placing  in  series  with  it  an  inductance  coil 
of  very  small  dimensions  but  of  the  same  inductance,  the  circuit 
being  completed  by  the  capacity  of  the  coil  aerial  to  ground. 

Effects  of  Surroundings.  Currents  are  induced  in  metal  and 
other  objects  near  a  transmitting  aerial,  and  sometimes  are 
powerful  enough  to  affect  the  radiation  appreciably.  The 
objects  near  a  receiving  aerial  have  currents  produced  in  them 
by  the  passing  wave.  These  currents  in  nearby  objects,  which 
may  include  the  ground,  induce  e.  m.  f 's.  in  the  receiving  aerial. 
It  is  to  be  noted  that  this  effect  of  neighboring  objects  is  caused 
by  induction,  and  not  radiation  from  them,  which  would  be 
comparatively  feeble. 

The  e.  m.  f .  thus  induced  in  a  coil  aerial  from  the  surround- 
ings is  of  the  same  or  opposite  phase  as  that  caused  by  the  wave. 
It  differs  in  this  respect  from  the  e.  m.  f.  due  to  the  antenna 
effect  discussed  above.  The  antenna  effect  ordinarily  pro- 
duces an  e.  m.  f .  which  is  90  deg.  out  of  phase  with  the  coil 
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effects  and  does  not  vary  with  the  orientation  of  the  coil.  The 
antenna  effect  can  thus  never  balance  out  the  coil  effect,  and  it 
is  imi)ossible  to  reduce  the  received  current  to  zero  no  matter 
how  the  coil  is  turned.  The  e.  m.  f.  induced  by  the  surround- 
ings, however,  depends  upon  the  orientation  of  the  coil.  This 
e.  m.  f .  will  be  reduced  to  zero  by  turning  the  coil  at  a  different 
orientation  from  that  at  which  the  e.  m.  f .  due  to  the  wave  is 
zero,  unless  the  line  between  distorting  object  and  the  coil 
aerial  is  the  direction  of  propagation  of  the  wave.  The  result 
of  this  is  that  the  total  e.  m.  f.  is  reduced  to  zero  at  some 
orientation  other  than  that  obtained  when  the  wave  alone  acts 
on  the  coil  aerial.  There  is  thus  a  distortion  in  the  apparent 
direction  of  the  wave,  caused  by  objects  surrounding  the  coil 
aerial. 

vii.   practical  conclusions 
1.  Relative  Effectiveness  of  Antennas  and  Coil  Aerials 

a.  Generally  speaking,  a  coil  aerial  is  as  powerful  a  trans- 
mitting or  receiving  device  as  an  antenna  only  when  its  dimen- 
sions approach  those  of  the  antenna. 

b.  It  is  easy  to  make  the  resistance  of  a  coil  aerial  circuit 
much  smaller  than  the  resistance  of  the  ordinary  antenna 
circuit  and  thus  make  a  small  coil  as  effective  as  a  large  antenna. 
A  small  aerial  as  effective  as  a  large  antenna  can  however  also 
be  secured  by  the  use  of  the  antenna-like  aerial  called  the 
condenser  aerial.  Heeding  these  principles  and  using  ampli- 
fiers in  receiving,  radio  aerials  can  in  the  future  be  much  smaller 
than  heretofore. 

c.  The  relative  effectiveness  of  a  coil  and  antenna,  in  terms 
of  the  wave  length,  number  of  turns,  etc.,  is  given  by  formula 
(33)  and  the  related  formulas. 

d.  A  coil  aerial  exhibits  antenna  action  as  well  as  coil  action, 
because  of  capacities  between  its  parts  and  surroundings.  The 
antenna  action  sometimes  overbalances  the  coil  action. 

e.  The  advantage  of  the  coil  aerial  is  greatest  for  short  wave 
lengths.  It  is  consequently  likely  to  be  well  suited  to  airplane 
communication.  The  increasing  advantage  of  the  coil  as  a 
transmitting  aerial,  as  the  wave  length  is  decreased,  is  subject 
to  the  proviso  that  the  same  current  can  be  gotten  into  a  coil 
sl8  into  an  antenna.  In  fact,  the  whole  practical  problem  is  to 
get  as  much  current  as  possible  into  the  aerial. 

f .  The  use  of  coil  aerials  at  both  receiving  and  transmitting 
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330  volts.  The  fluctuation  in  Cp  as  measured  in  the  film  is  340 
volts.  The  grid  takes  current  all  the  time  the  grid  is  at  positive 
potential,  but  it  is  very  small,  due  to  the  fact  that  the  plate 
potential  never  falls  to  lower  than  660  volts. 

If  a  greater  variation  in  the  plate  voltage  is  desired  it  can  be 
brought  about  only  by  increasing  the  value  ot  R;  if  this  had 
been  3000  ohms  instead  of  1000,  the  plate  potential  would  have 
fluctuated  throughout  a  much  wider  range.  As  the  normal  maxi- 
mimi  output  (assuming  sinusoidal  variations  of  voltage  and  cur- 
rent, is  obtained  from  a  tube  when  both  ip  and  ep  vary  from 
zero  to  twice  their  normal  values  it  is  evident  that  R  should  have 
been  increased  to  3000  ohms  to  get  maximum  output.  But  by 
referring  to  Fig.  2  it  would  seem  that  1000  ohms  was  the  proper 
value  of  R  for  maximum  output.  This  discrepancy  arises 
from  the  fact  that  the  results  for  Fig.  2  were  obtained  with  low 
grid  excitation  while  the  curves  in  Fig.  7  were  obtained  with  an 
excitation  three  times  as  large.  As  previously  stated,  Rp 
varies  with  the  excitation,  and  the  maximum  output  is  obtained 
when  the  load  resistance  and  tube  resistance  are  the  same. 

The  amount  of  fluctuation  in  / 6  is  small;  the  value  of  the 
alternating  component  is  fixed  by  the  requirement  that  the 
reactance  drop  in  Li,  due  to  it,  must  be  equal  to  the  alternating 
component  of  the  fluctuating  plate  voltage.  If  the  fluctuation 
in  ep  were  sinusoidal  the  fluctuation  in  /6  would  also  be  of  that 
form. 

With  lower  values  of  load  resistance  the  distortion  in  ptate 
current  occurs  even  with  low  excitation;  this  is  shown  in  Fig.  8 
for  which  R  had  a  value  of  only  100  ohms.  Although  there  was 
the  same  alternating  current  produced  in  the  output  circuit  as 
for  the  case  given  in  Fig.  7  the  fluctuation  in  plate  voltage  is 
very  small,  due  to  the  very  low  impedance  of  the  load  circuit. 

The  alternating  current  of  the  tube  circuit  may  be  analyzed 
by  the  laws  of  the  ordinary  circuit,  in  case  we  are  interested 
only  in  the  sine  wave  components  of  the  quantities  studied. 
The  vector  diagrams  of  the  three  possible  kinds  of  load  circuits 
are  shown  in  Fig.  9;  in  these  diagrams  cos  0  gives  the  power 
factor  of  the  load  circuit  itself  and  cos  d  gives  the  power  factor 
of  the  whole  alternating-current  circuit,  including  the  resistance 
of  the  tube  as  well  as  the  load  circuit  resistance. 

In  Fig.  10  are  shown  the  curves  of  ep,  eg,  and  ip  for  circuits 
corresponding  to  those  assumed  in  Fig.  9;  the  three  circuits  as 
actually  used  had  the  same  excitation  and  nearly  the  same 
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magnitude  of  impedance  in  the  load  circuit,  the  first  bring 
resistive,  the  second,  capacitive  and.  the  third,  inductive. 


With  resistive  load  the  plate  current  (alternating  component) 
is  in  phase  with  the  voltage  £,,  with  the  capacitive  load  it 
leads  and  with  the  inductive  load  it  lags;  the  angles  0  and  9 
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measured  from  the  film,  and  the  calculated  values,  agree 
within  the  precision  of  measurement. 

There  is  considerable  distortion  in  all  three  circuits  which 
could  have  been  nearly  eliminated  by  increasing  the  impedance 
of  the  load  circuit  to  about  three  times  the  value  used.  This 
would  however,  have  required  a  corresponding  increase  in  the 
inductance  of  Li  and  a  suitable  coil  was  not  at  hand. 

The  effect  of  varying  the  resistance  of  the  output  circuit  is 
well  shown  in  Fig.  11;  in  one  case  the  resistance  was  1000  ohms 
and  in  the  other  it  was  2000  ohms.  It  will  be  seen  at  once  that 
the  distortions  produced  by  the  tube  can  be  reduced  by  suffi- 
ciently increasing  the  impedance  of  the  output  circuit.  In 
the  case  given  in  Fig.  11  the  reactance  of  the  power  supply 
circuit  was  not  increased  when  the  resistance  of  the  output 
circuit  was  increased  with  the  result  that  a  much  larger  fraction 
of  the  generated  alternating  current  passed  through  the  supply 
circuit  in  the  second  case  than  in  the  first.  The  greater  the 
amount  of  alternating-current  power  used  in  the  power  supply 
circuit,  of  course,  the  less  efficient  is  the  circuit. 

Efficiency  of  a  Tube 

From  the  oscillograms  given  thus  far  it  would  appear  that 
the  efficiency  of  a  tube  generator  could  not  be  very  high.  On 
the  assumption  that  the  plate  current  and  plate  voltage  both 
have  sinusoidal  variations  the  maximum  possible  output  of 
the  tube  would  be  just  half  the  input;  such  a  high  fraction' 
could  not  be  obtained  however  because  the  conditions  required 
could  not  be  satisfied.  The  plate  voltage  would  have  to  fluc- 
tuate between  2Eh  and  zero  and  the  plate  current  between 
2  Ih  and  zero;  this  latter  condition  could  be  satisfied  but  the 
first  could  not  be.  The  plate  voltage  must  not  fall  below  a 
certain  minimum  if  high  efficiency  is  to  be  obtained  because  of 
the  excessive  grid  current  resulting.  With  the  tube  we  used 
this  minimum  was  about  two  hundred  volts. 

The  possible  efiiciency  of  50  per  cent  mentioned  above,  it 
must  be  remembered,  does  not  consider  the  amount  of  power 
required  for  heating  the  filament  nor  the  possible  losses  in  the 
exciting  circuit.  If  these  losses  are  considered  the  possible 
efficiency  would  be  much  less,  especially  in  the  smaller  tubes. 
We  shall  now  show  however  that  by  using  peculiar  shaped 
plate  currents  it  is  possible  to  have  an  efficiency  considerably 
jn  excess  of  50  per  cent;  in  fact  the  result  of  this  study  is  that 
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the  efficiency  of  a  tube  may  be  pushed  possibly  as  high  as  90 
per  cent  by  proper  design  and  proper  operation,  this  value 
neglecting  the  filament  power  input. 

The  importance  of  getting  a  high  efficiency  will  be  at  once 
appreciated  when  it  is  mentioned  that  a  given  tube  (the  one 
used  in  this  test)  has  an  output  of  about  200  watts  in  normal 
operation  whereas  if  the  efficiency  could  be  increased  to  90  per 
cent  the  safe  output  would  be  2250  watts. 

The  tests  carried  out  involved  an  adjustment  with  separate 
excitation  to  find  the  conditions  for  maximum  output  and 
then  transferring  the  grid  connection  to  a  proper  point  of  the 
circuit  to  get  self  excitation,  recording  for  each  condition  the 
forms  and  phases  of  currents  and  e.  m.  fs.  The  tests  were  run 
at  low  frequency  so  that  oscillograph  records  might  be  obtained; 
the  results  obtained  were  duplicated  later  in  a  high-frequency 
run. 

Fig.  12  shows  the  circuit  used;  simpler  ones  may  be  used 
but  the  laboratory  apparatus  at  hand  was  best  suited  to  this 
one.  The  diagram  also  shows  where  the  oscillograph  vibrators 
were  introduced  and  the  direction  of  currents  assumed  as 
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positive;  if,  on  a  film,  a  current  is  shown  below  its  zero  line,  it 
was  flowing  in  the  opposite  direction  to  that  shown  in  the 
diagram.  If  the  frequency  of  the  exciting  voltage  Eg  is  chosen 
the  same  as  the  resonant  frequency  of  the  load  circuit 
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the  impedance  of  this  circuit  between  the  two  points  M  and  iV, 


1402  BELLINGER:  RADIO  TRANSMISSION  [Oct.  1 

differences  in  ammeter  readings  at  different  points  of  the  cir- 
cxiit.  The  antenna  effect  makes  the  actual  received  cxirrent  in 
experiments  with  coil  aerials  larger  than  the  values  calculated 
from  the  transmission  formulas.  The  observed  values  are  also 
affected  by  currents  in  neighboring  objects. 

A  formula  for  the  radiation  resistance  of  coil  aerials  is 
worked  out.  Comparison  of  experiment  with  this  formula 
supplies  additional  evidence  that  the  coil  aerial  operates  by  a 
combination  of  antenna  and  coil  effects. 

The  fundamental  principles  of  design  of  aerials  are  given. 
The  various  modes  of  measuring  received  current  and  voltage 
across  the  condenser  are  discussed.  The  relations  of  these 
two  quantities  to  the  electromotive  force  acting  in  the  aerial 
must  be  carefully  observed  in  calculations  or  design.  Recep- 
tion factors  are  derived,  to  which  the  received  current  or  voltage 
are  proportional.  Experimental  data  on  the  functioning  of 
aerials  may  be  secured  either  from  actual  transmission  experi- 
ments or  from  measurements  of  the  quantities  which  enter  into 
the  reception  factor. 

This  investigation  has  opened  up  a  large  and  most  interesting 
field  for  further  research.  Progress  in  the  control  and  utiliza- 
tion of  electric  waves  depends  on  the  investigation  of  such 
theoretical  and  experimental  problems  as  have  been  suggested 
in  Sec.  VII  3  herein. 
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Discussion  on  "Principles  of  Radio  Transmission  and 
Reception  with  Antenna  and  Coil  Aerials" 
(Delunger),  New  York,  N.  Y.,  October  1,  1919. 

F,  W.  Grover:  In  the  derivation  of  the  formula  for  the 
field  of  an  antenna,  the  current  is  assumed  to  be  uniform 
throughout  the  length  of  the  antenna,  and  the  field  of  this 
vertical  current  at  a  point  P  is  found  by  using  the  vector 
potential.  In  evaluating  the  latter,  the  assumption  is  made 
that  the  point  P  is  so  far  away,  compared  with  the  height 
of  the  antenna,  that  P  is  sensibly  at  the  same  distance  from 
all  points  of  this  vertical  portion. 

Having  obtained  the  equation  (5)  for  the  field  due  to  this 
vertical  current,  it  is  then  tacitly  assumed  that  this  is  the 
whole  field  of  the  antenna.  Since  it  is  expressly  emphasized 
in  the  latter  portions  (and  rightly  so,  it  will  be  adimtted  by 
every  one)  that  the  whole  displacement  current  must  be 
reckoned  as  contributing  to  the  field,  some  explanation  ought 
to  be  given  as  to  why  the  displacement  currents  of  the  antenna 
are  not  taken  into  account  m  this  demonstration.  Thus  far, 
I  have  not  been  able  to  give  a  satisfactory  explanation,  and 
am  here  setting  forth  the  difficulties  that  have  occurred  to  me, 
in  the  hope  that  I  may  be  set  right  and  that  perhaps  the  objec- 
tions of  others  may  be  forestalled. 

First,  it  would  seem  necessary  to  make  some  assumption 
as  to  the  form  of  the  displacement  lines.  Here  this  is  difficult, 
because  it  is  assumed  (1)  that  there  is  no  image  of  the  antenna, 
and  (2)  that  the  current  in  the  vertical  portion  is  uniform. 
These  are  of  course,  strictly  speaking,  incompatible  condi- 
tions, since  either  the  displacement  currents  must  return  from 
the  flat  top  to  the  lower  portion  of  the  vertical  wire  which 
combats  assumption  (2)  or  else  they  must  return  by  the  earth 
which  modifies  statement  (1).  In  any  case,  they  must,  on  the 
whole,  flow  in  the  opposite  direction  to  the  current  in  the 
vertical  portion.  To  some  extent,  then,  it  would  seem  as 
though  the  resultant  effect  of  the  antenna  would  have  to  be 
less  than  that  of  the  vertical  portion  alone. 

Suppose,  to  fix  ideas,  that  the  displacement  currents  flow 
vertically.  Then,  if  we  consider  a  filament  of  displacement 
current  C  D,  it  may  be  regarded  as  completing  the  circuit  of 
an  equal  current  in  the  vertical  portion  B  A.  Similarly,  the 
symmetrically  placed  filament  E  F  forms  a  portion  of  a  circuit 
B  AE  F.  If  each  current  in  £  A  produce  a  field  H  at  a  point 
P  in  the  plane  of  rectangle,  the  effect  of  B  A  totals  2  H,  which 
may  be  represented  by  the  vector  0  F  (Fig.  3).  E  F  produces 
a  field  H  which  is  d  degrees  different  in  phase  from  the  vector 
opposite  to  0  F.  This  may  be  represented  by  0  G,  just  as 
in  the  demonstration  for  the  coil.  The  currents  A  D  and 
B  E  balance  out  in  their  effects  at  a  distant  point.  In  like 
manner,  current  C  D  gives  a  field  H  of  phase  0  K.    The  field 
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due  to  currents  A  C  and  D  B  balance  out  at  point  P. 
resultant  must  accordingly  be  fl'  =  2H— 2H cos  0 


The 


or 


H'  ^2H(X-  COS0)  =  4 H sin«  0/2 
=  4  H  ^/4  =  H  ^  when  0  is  small 
=  H  .  4  ir»  {l/\y 

which  is  much  smaller  than  H. 

'  This  treatment  may  be  extended  to  the  whole  antenna,  each 
filament  of  displacement  current  being  regarded  as  completing 
the  circuit  of  an  equal  current  in  the  vertical  portion.  It 
would  seem,  then,  that  the  effect  of  the  whole  antenna,  of  the 
symmetrical  constructioh  here  shown,  must  be  much  less  than 
that  of  the  vertical  portion.  In  fact,  whereas  the  radiation  of 
a  coil  is  a  second  order  effect,  that  calculated  above  is  a  third 
order  effect,  being  the  difference  of  two  coil  effects. 
.,'^Now,  actually,  the  displacement  lines  of  flow  will  not  be 
straight  lines  but  curved.    Each  element  of  a  curved  path  of 
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ciurent  may,  however,  be  regarded  as  equivalent  in  its  magnetic 
effect  to  the  sum  of  a  vertical  and  horizontal  element  (Fig.  4). 
Summing  up  for  the  whole  line,  the  horizontal  elements  tend 
to  balance  out  in  their  effects  at  a  distant  point,  while  the 
vertical  elements  sum  up  to  give  the  effect  of  a  vertical  ciurent 
between  the  antenna  and  the  ground.  In  any  case,  where 
the  antenna  is  symmetrical  about  the  vertical  portion,  the 
above  conclusion  of  a  resultant  field  much  smaller  than  that 
due  to  the  vertical  portion  alone  seems  to  be  justified. 

Likewise  the  same  ideas  and  conclusions  seem  to  follow  for 
an  antenna  consisting  of  a  single  vertical  wire.  For  the  dis- 
placement lines  may  be  regarded  as  equivalent  to  vertical 
currents  opposite  in  direction  to  the  current  in  the  wire.  Any 
two  current  filaments  symmetrically  placed  about  the  vertical 
wire  may  be  combined  with  equal  currents  in  the  vertical  wire 
and  are  equivalent  to  equal  rectangles  in  the  same  plane  as  in 
the  previous  demonstration.    If  the  point  P  is  in  their  plane, 
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the  equation  for  the  resultant  field  given  above  holds.  Other- 
wise the  factor  cos  a  has  to  be  applied  to  this,  and  the  resultant 
would  be  very  small  in  every  case. 

Applying  the  same  ideas  to  an  L  antenna,  it  would  seem  that 
it  should  be  equivalent  to  a  coil  of  width  somewhere  between 
zero  and  the  length  of  the  antenna  I.  That  is,  such  an  antenna 
should  be  directive  like  a  coil  and  its  field  should  be  a  second 
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Fig.  6 


order  effect  like  that  of  a  coil,  i.  e.  less  than  that  due  to  the 
vertical  portion. 

In  the  case  of  the  low  condenser  aerial  we  are  not  met  by 
these  difficulties,  since  we  may  regard  the  circuit  as  being  com- 
pleted through  a  coiled  wire  of  negligible  vertical  portion  and 
the  coil  is  of  such  small  dimensions  that  it  may  bie  negligible 
in  its  "coil  effect."  The  current  in  the  dielectric  only  would 
then  need  to  be  considered.  tkfM  i^ 


-1- 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

t 

t 

f 

* 

* 

f 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

I 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

^^^^ 

Fig.  6 


TTTTTTTT 
I  I  I  I  •  I  I  • 
■<i  «  «  I  I  I 


Fig.  8 


Recapitulation.  To  agree,  then  with  the  formulas  of  this 
paper  and  with  the  experimental  results,  it  would  seem  neces- 
sary to  consider  for  coil  effect  only  the  current  in  the  metallic 
portions.  The  condenser  aerial  may  be  treated  by  considering 
only  the  dielectric  current.  The  antenna  can  be  treated  by 
considering  either  the  current  in  the  dielectric  or  the  current 
in  the  vertical  portion  alone.  Taken  together  they  nearly 
C^nc^l  out.    For  unity,  it  would  ^eejn  to  be  the  dielectric  cur* 
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rent  which  should  be  chosen  as  in  the  condenser  aerial.  Finally, 
then,  what  is  the  reason  why  the  whole  circuit  should  not  be 
considered  ? 

Discussion  of  the  Distinction  between  Radiation  and 

Induction 

The  magnetic  field  due  to  a  vertical  current  i  =  h  sin  co  t 
is,  for  a  point  P  at  a  large  distance  d  from  the  current, 

2i  IT    h  lo  /.       J  /  \         h  la     -  f.       J  /  \ 

= 10"  Xd  ^^^  "  ^       ^^^  "   lOd^  ^^^  "  ^       ^^^ 

The  negative  signs  simply  take  account  of  the  fact  that  if  the 
current  is  along  the  positive  Z  axis,  and  the  distance  d  is 
measured  along  the  positive  X  axis,  the  magnetic  field  must 
be  along  the  —  Y  axis.  The  first  of  these  terms  is  called  the 
radiation  field  and  the  second  the  induction  field. 

The  time  djc  is  the  interval  which  must  elapse  for  a  dis- 
turbance at  the  origin  to  travel  the  distance  d  to  the  point  P. 
That  is,  action  at  P  at  any  moment  i  depends  upon  the  value 
of  the  current  at  a  moment  djc  seconds  previous. 

A  comparison  of  tlie  expressions  for  the  two  fields  shows  that 
the  induction  field  is  in  phase  with  the  current  (excepting  for  its 
interval  die)  but  that  the  radiation  field  is  90  degrees  different 
in  phase.  Due  to  the  presence  of  d^  in  the  denominator  the 
induction  field  falls  off  rapidly  with  the  distance.  For  small 
values  of  X,  the  radiation  field  diminishes  not  only  less  rapidly 
with  the  distance  than  the  induction  field,  but  for  a  given 

distance  greater  than  75 —  ,  it  is  greater  in  amplitude  than  the 

induction  field. 

It  is  thus  easy  to  see  that  the  'Induction  field"  is  the  usual 
field  sensibly  in  phase  with  the  current,  which  we  consider  as 
inducing  e.  m.  f.  in  nearby  circuits.  Further,  at  low  fre- 
quencies (long  wave  length)  the  radiation  field  is  negligible. 
Thus  the  discussion  in  the  paper  of  the  mathematical  dis- 
tinction between  the  two  terms  is  easily  seen.  The  term 
"induction  field"  is,  as  just  stated,  appropriate,  and  the  first 
term,  which  formulates  the  only  portion  of  the  field  which  is 
important  at  radio  frequencies  and  distances  is  very  properly 
called  the  "radiation  field."  Also,  it  is  very  important  to 
emphasize  the  fact  that  both  fields  are  always  present,  even 
though  one  of  them  may  be  entirely  negligible.  A  further 
point  which  may  be  properly  emphasized  is  that,  since  the 
time  d/c  required  for  the  propagation  of  the  field  can  never 
be  exactly  zero,  it  is  never  rigorously  correct  to  speak  of  the 
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magnetic  field  at  a  point  as  being  strictly  in  phase  with  the 
current  which  produces  it. 

It  is  not  so  easy,  however,  to  agree  entirely  with  the  state- 
ment in  the  paper  of  the  physical  difference  of  the  two  fields. 
It  would  seem  to  be  misleading  to  speak  of  the  induction  field 
as  "fixed  in  space"  (last  line  of  p.  1365).  The  presence  of  the 
quantity  d/c  in  the  sine  factor  of  the  induction  field  shows  that 
this  field  must  travel  with  the  velocity  of  light,  as  well  as  the  ra- 
diation field.    At  each  point,  the  field  oscillates,  but  for  two 

points  separated  by  a  distance  X,  the  quantity differs   by 

c 

2  TT,  so  that  the  field  is  in  the  same  phase  at  such  points, — 
although  the  amplitude  of  oscillation  is  different. 

This  propagation  of  the  induction  component  of  the  field 
with  the  velocity  of  light  is  also  evident  from  a  consideration 
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of  the  induction  of  e.  m.  f .  With  regard  to  this  the  induction 
field  has  no  monopoly.  The  induction  of  e.  m.  f .  in  a  conductor 
by  the  radiated  field  is  treated  in  equation  (17),  the  usual 
idea  of  relative  motion  of  conductor  and  field  being  employed, 
except  that  here  the  relative  velocity  is  the  velocity  of  light, 
a  velocity  far  transcending  any  velocity  attainable  in  electrical 
generators.  The  ordinary  induction  case,  analogous  to  this, 
is  the  induction  of  e.  m.  f.  in  a  coil  through  which  the  number 
of  magnetic  lines  is  suddenly  changed  by  varying  the  current 
in  the  circuit  or  in  an  adjoining  circuit.  It  is  easy  to  show  that 
the  usual  method  of  calculating  the  e.  m.  f .  as  equal  to  the  time 
rate  of  change  of  the  number  of  magnetic  lines  through  the 
coil  is  entirely  e(|uivalent  to  that  derived  on  the  assumption 
of  a  relative  motion  between  the  coil  and  the  field  equal  to  the 
velocity  of  light.    The  following  is  a  proof  of  this  pomt. 

Consider  a  rectangular  circuit  of  height  b  and  len^h  {  in 
the  direction  of  propagation  of  the  wave.    The  induction  field 

h  T 
has  a  value  tttJ,  ^^  (o  (t—  d/c)  at  points  along  the  nearer 

side  of  the  circuit,  so  that  the  induced  e.  m.  f.  in  this  side 

h  h  /•  T 

is  by  (17)  (relative  motion  conception)  ^^  ,^^  sin  u)  (t—  d/c). 
The  e.  m.  f .  induced  in  the  further  side  is  likewise 
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measured  from  the  film,  and  the  calculated  values,  agree 
within  the  precision  of  measurement. 

There  is  considerable  distortion  in  all  three  circuits  which 
could  have  been  nearly  eliminated  by  increasing  the  impedance 
of  the  load  circuit  to  about  three  times  the  value  used.  This 
would  however,  have  required  a  corresponding  increase  in  the 
inductance  of  Li  and  a  suitable  coil  was  not  at  hand. 

The  effect  of  varying  the  resistance  of  the  output  circuit  is 
well  shown  in  Fig.  11;  in  one  case  the  resistance  was  1000  ohms 
and  in  the  other  it  was  2000  ohms.  It  will  be  seen  at  once  that 
the  distortions  produced  by  the  tube  can  be  reduced  by  suffi- 
ciently increasing  the  impedance  of  the  output  circuit.  In 
the  case  given  in  Fig.  11  the  reactance  of  the  power  supply 
circuit  was  not  increased  when  the  resistance  of  the  output 
cu-cuit  was  increased  with  the  result  that  a  much  larger  fraction 
of  the  generated  alternating  current  passed  through  the  supply 
circuit  in  the  second  case  than  in  the  first.  The  greater  the 
amount  of  alternating-current  power  used  in  the  power  supply 
circuit,  of  course,  the  less  efficient  is  the  circuit. 

Efficiency  of  a  Tube 

From  the  oscillograms  given  thus  far  it  would  appear  that 
the  efficiency  of  a  tube  generator  could  not  be  very  high.  On 
the  assumption  that  the  plate  current  and  plate  voltage  both 
have  sinusoidal  variations  the  maximum  possible  output  of 
the  tube  would  be  just  half  the  input;  such  a  high  fraction 
could  not  be  obtained  however  because  the  conditions  required 
could  not  be  satisfied.  The  plate  voltage  would  have  to  fluc- 
tuate between  2  Eb  and  zero  and  the  plate  current  between 
2  h  and  zero;  this  latter  condition  could  be  satisfied  but  the 
first  could  not  be.  The  plate  voltage  must  not  fall  below  a 
certain  minimum  if  high  efficiency  is  to  be  obtained  because  of 
the  excessive  grid  current  resulting.  With  the  tube  we  used 
this  minimum  was  about  two  hundred  volts. 

The  possible  efficiency  of  50  per  cent  mentioned  above,  it 
must  be  remembered,  does  not  consider  the  amount  of  power 
requh-ed  for  heating  the  filament  nor  the  possible  losses  in  the 
exciting  circuit.  If  these  losses  are  considered  the  possible 
efficiency  would  be  much  less,  especially  in  the  smaller  tubes. 
We  shall  now  show  however  that  by  using  peculiar  shaped 
plate  currents  it  is  possible  to  have  an  efficiency  considerably 
in  excess  of  50  per  cent;  in  fact  the  result  of  this  study  is  that 
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In  this  case  also  the  two  methods  lead  to  identical  results. 

The  conclusion,  therefore,  seems  to  be  certain,  that  both 
fields  are  propagated  with  the  velocity  of  light,  and  that  both, 
when  they, cut  a  conductor,  give  rise  to  an  induced  e.  m.  f. 
which  induces  it.  Since  the  two  fields  differ  in  phase  bv  90  deg. 
the  e.  m.  fs.,  will  also.  On  account  of  the  relatively  insig- 
nificant magnitude  of  the  radiated  field,  however,  at  the  usual 
a-c.  frequencies,  and  the  small  distances  involved  in  usual 
apparatus,  the  e.  m.  f.  induced  by  the  induction  f  eld  only 
need  be  considered  in  electric  generators  and  transformers. 

Another  distinction,  which  is  made  in  the  paper,  is  that 
accompanying  the  radiation  field,  there  is  propagated  an  elec- 
trostatic field  which  bears  a  constant  ratio  to  the  magnetic, 
while  with  the  induction  field  there  is  no  such  constant  prede- 
termined relation.  From  what  has  already  gone  before,  it 
would  seem  that  this  constant  relation  between  H  and  E  must 
also  be  true  of  the  induction  field.  The  induced  e.  m.  f.  in  a 
wire  of  length  h  has  been  shown  to  be  equal  to  cH h .  10~* 
(equation  17)  and  I  have  shown  above  that  this  equation  is 
true  for  both  components  of  the  magnetic  field.  Now,  in  the 
present  case,  the  field  is  supposed  to  be  uniform  along  the  wire, 
so  that  the  electrostatic  field,  which  is  equal  to  the  e.  m.  f .  per 
cm.,  must  be  c  H .  10"*  or  300  H,  in  which  H  includes  both 
components.  The  statement  is  made  1366  that  this  rela- 
tion is  true  only  in  a  radiated  wave,  but  it  must  not  be  concluded 
herefrom  that  for  H  only  the  radiation  field  is  to  be  taken. 
Both  fields  are  radiated,  and  the  induction  field,  however  small 
it  is,  must,  strictly  speaking,  be  included  in  fl  in  the  above 
relation. 

As  to  what  is  the  difference  in  physical  nature  between  the 
radiation  and  induction  fields,  there  remains  the  point  men- 
tioned in  the  first  paragraph  of  1367,  "The  portion  of  the 
energy  associated  with  this  disturbance  that  does  not  return 
to  the  radiator  is  that  connected  with  the  first  term  of  equation 
(31)"  (i,  e,  the  radiation  field).  This,  of  course,  means  that 
the  energy  associated  with  the  induction  field,  although 
naturally  it  flows  back  and  forth,  must  average  zero.  That 
is,  the  flow  through  any  volume  element  in  one  direction  over 
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where  the  tube  is  attached,  will  be  resutive  only,  its  magnitude 


being  equal  to  - 


1 


The  quantities  to  be  considered  are  shown  conventionally  in 
their  phases  in  Fig.  13;  the  current  ti  which  flows  in  the  reso- 
nant load  circuit  may  be  several  times  as  large  as  the  current  i, 


Flo.  14 


furnished  by  the  tube.  The  two  important  things  in  this 
diagram  are  shown  in  the  lower  part  of  the  figure,  namely,  the 
curves  of  e,  ip  and  of  Cp  i.  These  curves  give  the  power  loss  on 
the  plate  and  the  power  supplied  by  the  tube  to  the  load  circuit, 
respectively.     It  is  at  once  evident  that 

Energy  loss  on  plate  per  cycle  =    P'  e,  i,  di  =  Area  A 
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Energy  supplied  to  load  circuit  =   P'  Bpidt    =  Area  C 

-  AreaB 
It  is  evidently  desirable  to  make  the  latter  as  large  as  possible 
and  the  former  as  small  as  possible,  if  the  tube  circuit  is  to 
operate  efficiently.  Any  ordinary  scheme  of  analysis,  using  the 
relation  given  in  equation  (1)  must  fail  because  ther  elation  does 
not  hold  good  for  those  values  of  Cp  and  eg  which  are  the  most 
important  ones  in  the  cycle  of  operation,  namely  low  Cp  with 
po^tive  Bg,  and  very  high  values  of  Cp  with  large  negative  eg. 


80  160 

VOLTS 

l^    PLATE  VOLTAGE 


Fig.  1.') 


The  ordinary  so  called  static  characteristics  of  the  tube  used 
are  given  in  Fig.  14;  they  are  not  of  much  service  in  predicting 
the  behavior  of  the  tube  when  the  output  is  forced  as  high  as 
possible.  They  did  bring  out  the  fact  however  that  the  fila- 
ment ammeter,  if  a  continuous  current  instrument,  does  not 
read  correctly  the  filament  current  when  the  tube  is  generating 
alternating-current  power.  The  ammeter  indicated  3.65 
amperes  when  getting  the  curves  of  Fig.  14  and  the  total  emis- 
sion for  such  a  current  is  evidently  about  0 . 5  amperes.  Now 
when  the  tube  was  oscillating,  the  filament  ammetec  x^'^jixci^ 
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3.65  amperes  the  total  emission  was  about  0.8  amperes, 
showing  that  the  filament  temperatm^  was  much  hotter  than 
when  not  oscillating.  Holding  the  voltage  across  the  filament 
constant  (approximately  the  condition  when  the  tube  is  oscil- 
lating) the  set  of  curves  given  in  Fig.  15  were  obtained.  The 
grid  was  held  at  a  positive  potential  of  100  volts  and  the  plate 
voltage  suitably  varied.  The  electron  current  to  the  plate 
increases  the  filament  current  at  one  end  and  decreases  it  at 
the  other;  the  relative  increase  and  decrease  will  be  determined 
largely  by  the  resistance  used  in  series  with  the  filament 
battery.     It  can  be  seen  that  even  with  the  larger  filament 
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current  as  great  as  3.75  amperes  the  emission  was  only  0.5 
ampere. 

From  some  preliminary  oscillograph  records  we  knew  that  in 
operation  the  total  emission  was  about  0.8  ampere  when  the 
filament  ammeter  read  3,65  amperes.  A  brief  test  showed 
that  the  filament  current  required  to  give  this  much  emission 
was  4.00  amperes  but  this  seemed  like  an  excessive  current  so 
we  got  the  characteristics  required  from  extrapolation.  In 
Fig.  16  are  shown  a  set  of  curves  showing  the  variation  of  plate 
and  grid  currents  for  various  filament  currents  and  grid  and 
plate  potentials.  From  this  set  of  curves  the  results  given  in 
Fig.  17  was  obtained ;  as  these  are  important  curves  they  were 
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verified  for  correctness  of  form  by  actually  getting  thran  for  a 
lower  filament  current.  These  are  given  in  ITg.  18,  and  are  of 
just  the  same  form  as  those  of  Fig.  17. 

It  is  well  to  point  out  here  that  even  if  we  had  been  able  to 
get  the  curves  of  Fig.  17  with  a  filament  current  of  4.00  amperes 
they  would  not  have  given  the  proper  values  of  ip  and  i,  for 
the  tube  in  operation.  While  getting  these  static  characteris- 
tics the  plate  and  grid  get  very  hot,  much  hotter  than  when  the 
tube  is  in  operation  as  a  generator.  The  emission  from  the 
filament  Is  fixed  by  the  filament  temperature,  and  this  in  turn 
is  fixed  by  the  filament  current  and  the  temperature  of  the 
plate;  if  this  is  hotter  when  getting  the  static  characteristics 
than  when  the  tube  is  generating,  the  value  of  ip  and  i«  obtained 
would  probably  be  too  large. 


The  curves  of  Fig.  17,  in  connection  with  Fig.  13  enable  us 
at  once  to  give  the  minimum  potential  to  which  the  plate  should 
drop  and  the  maximum  positive  potential  for  the  grid.  In 
order  to  make  the  area  A  Fig.  13  small  the  plate  potential,  at 
time  jr/2,  should  be  as  low  as  possible.  This  minimum  will  be 
controlled  however  by  the  other  requirement  that  the  area  C 
should  be  large.  If  during  the  time  when  e^  is  low  ip  does  not 
have  its  maximum  possible  value  (saturation  current)  then  the 
positive  alteration  of  i  will  not  be  as  large  as  it  should  be  and  if 
this  is  not  large  the  power  input  to  the  load  circuit,  determined 
principally  by  the  area  of  C,  will  be  lower  than  its  proper  value. 

As  the  average  value  of  i  must  be  zero,  if  its  positive  loop  is 
to  be  as  large  as  possible,  and  the  area  of  A  to  be  kept  as  small 
as  possible  the  conditions  should  evidently  be  so  adjusted  that 
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at  minimiun  plate  potential  saturation  current  should  flow,  and 
this  flow  should  last  for  a  short  time  only.  During  the  rest  of 
the  cycle  the  plate  current  should  be  zero. 

Fig.  19  shows  the  calculated  losses  on  the  plate  and  input  to 
the  load  circuit  for  four  different  forms  of  plate  current,  the 
plate  voltage  having  the  same  form  for  each.  It  will  be  seen 
that  both  the  losses  and  the  output  of  the  tube  are  greatest  for 
the  sinusoidal  plate  current,  but  the  efliciency  for  this  condition 
is  only  39  per  cent;  as  the  form  of  plate  current  approaches  a 
^ort  pulse  the  efliciency  increases,  being  82  per  cent  for  the 
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form  shown  in  curve  (d).  The  trapezoidal  form  shown  at  (c) 
resembles  very  closely  the  form  we  used;  the  test  actually  gave 
about  60  per  cent  efficiency. 

All  four  curves  are  drawn  with  the  maximum  plate  current 
the  same,  supposedly  the  saturation  current  for  the  filament 
current  used;  by  carrying  out  other  constructions  it  will  be 
evident  that  any  other  condition  would  result  in  poorer  opera- 
tion. 

By  referring  to  Figs.  13  and  17  it  may  be  seen  that  for  the 
tube  we  have,  the  plate  potential  should  not  fall  lower  than  200 
volts,  that  at  this  time  the  grid  should  have  a  positive  potential 
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of  150  volta.  With  greater  or  less  grid  potential,  the  plate 
potential  being  200  volts,  the  plate  current  would  be  less  than 
saturation  value;  with  less  plate  potential  the  current  (at 
time  t/2)  would  be  leas  than  saturation  value,  and  with 
greater  volt^e  than  200  volts  the  loss  on  the  plate  would  be 
greater  than  necessary. 

It  is  to  be  noted  that  the  efficiency  will  increase  for  all  the 
cases  given  in  Fig.  19  if  the  value  of  the  power  supply,  Et,  is 


i ^rpipdl   -  15         I      jepifdt    =  19 

/  epidt      -  34.5  jt^idt     -71.5 

Epficibnct  -  70%     Iefficibnct  =  79% 

Fia.  20 

increased,  providing  that  conditions  are  suitably  changed  to 
have  the  same  minimum  plate  voltage  as  given  in  Fig.  19. 
This  is  shown  by  Fig.  20;  the  two  cases  given  suppose  the  same 
form  of  plate  current  and  same  minimum  value  of  plate  voltage 
but  in  Uie  second  the  voltage  Eb  is  about  twice  as  large  as  in 
the  first  case.  It  is  seen  that  the  loss  on  the  plate  is  increased 
only  26  per  cent -whereas  the  input  to  the  toad  circuit  has  be«a 
more  than  doubled.    The  hi^er  the  value  of  £»  the  hi^^  is 
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the  efficiency,  the  limit  being  fixed  by  the  safe  voltage  for  the 
tube. 

In  the  tube  we  used  the  efficiency  did  not  rise  as  high  as 
might  be  expected,  due  to  fact  that  it  took  excessively  high 
negative  potential  on  the  grid  to  bring  the  plate  current  to 
zero.  The  oscillograms  showed  this  effect,  so  a  static  character- 
istic curve  was  taken  to  investigate  this  point;  it  is  shown  in 
Fig.  21.  If  equation  (1)  were  valid  for  this  tube  a  negative  po- 
tential of  260  volts  on  the  grid  would  have  brought  the  plate 
current  to  zero,  whereas  it  took  about  1000  volts;  although 
the  plate  current  is  small  with  a  grid  negative  more  than  300 
volts,  this  small  current  has  a  marked  effect  on  the  loss  of  power 
on  the  plate,  because  of  the  very  high  plate  voltage  during  that 
part  of  the  cycle  when  this  small  current  is  flowing  to  the  plate. 
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Experimental  proof  of  foregoing  theory.  To  test  the  validity 
of  the  ideas  presented  above  a  series  of  runs  was  made  with 
the  tube,  using  the  circuit  given  in  Fig.  12  and  the  results 
therefrom  are  shown  in  Table  I.  The  frequency  was  kept  at 
the  resonant  value  for  the  output  circuit  and  each  time  a  set 
of  readings  was  taken  the  value  of  R  was  changed  properly  to 
maintain  the  current  in  the  oscillating  circuit  constant.  This 
was  necessary  in  order  to  keep  the  form  of  the  voltage,  ep,  con- 
stant as  the  values  of  Ec  and  Eg  were  varied.  While  it  was 
not  thus  pointed  out  in  discussing  the  current  forms  of  Figs.  19 
and  20  the  values  of  Ec  and  Eg  are  the  factors  which  bring 
about  the  change  of  current  form  as  the  form  of  ep  is  maintained 
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constant.  The  form  of  current  shown  in  (a)  Fig.  19  was  ob- 
tained with  relatively  low  Ec  and  Eg,  the  value  of  each  of  these 
being  increased  for  the  succeeding  diagrams  of  the  figure. 


TABLE  I. 
Eb  -  1000  volts.     Ci  -  2|,F.     Ct  -  3.91|,F.     '^  -  138.     Li 


9.SH.     If  -  3.65  Amp. 


Run 

Ec 

^g 

Input 

It 

R 

Output 

«_  Output 

volts 

effective 

watts 

effective 

to 

Rl2* 

Input 

volts 

amps. 

watts 

% 

E 

120 

220 

334 

0.98 

149 

143 

42.8 

150 

220 

298 

1.00 

149 

149 

50.0 

180 

220 

241 

1.02 

119 

124 

51.5 

210 

220 

186 

1.00 

89 

89 

47.8 

250 

220 

119 

0.96 

42 

39 

32.8 

150 

260 

302 

1.00 

149 

149 

49.3 

180 

260 

273 

1.03 

149 

158 

58.0 

210 

260 

241 

1.99 

149 

146 

60.5 

240 

260 

197 

0.99 

119 

117 

59.5 

270 

260 

161 

0.96 

89 

82 

51.0 

150 

300 

302 

1.00 

149 

149 

49.3 

180 

300 

28.3 

1.02 

149 

155 

54.8 

210 

300 

261 

1.02 

149 

155 

60.0 

240. 

300 

246 

1.00 

149 

149 

60.8 

270* 

.300 

212 

0.98 

131 

129 

60.8 

A 

180 

340 

291 

1.01 

149 

152 

52.3 

210 

340 

278 

1.03 

149 

158 

56.8 

240 

340 

265 

1.04 

149 

161 

60.8 

270 

340 

244 

1.01 

149 

152 

62.4 

B 

300 

340 

229 

0.99 

149 

146 

63.8 

330 

340 

186 

0.99 

119 

117 

63.0 

270 

400 

260 

1.02 

149 

155 

59.7 

300 

400 

250 

1.03 

149 

158 

66.3 

330 

400 

235 

1.02 

149 

155 

66.0 

360 

400 

222 

1.00 

149 

149 

67.3 

390 

400 

197 

0.96 

134 

124 

63.0 

420 

400 

150 

1.02 

89 

93 

61.8 

C 

450 

400 

126 

0.98 

74 

71 

56.3 

D 

410 

460 

228 

1.02 

149 

155 

68 

420 

500 

245 

1.05 

149 

164 

67.0 

450 

500 

237 

1.04 

149 

161 

68.0 

480 

500 

222 

1.01 

149 

152 

68.6 

510 

500 

195 

1.04 

119 

129 

66.2 

540 

500 

176 

1.02 

104 

108 

61.5 

570 

500 

157 

1.04 

89 

96 

61.2 

In  Fig.  22  are  shown  the  efficiency  curves  for  the  various 
runs  of  Table  I  and  on  the  curve  sheet  are  given  the  calculated 
values  of  the  maximum  positive  grid  potential  for  that  condi- 
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tion  in  each  run  which  gave  maximum  efficiency,  as  indicated 
at  a,  b,  c,  d,  etc.,  For  the  comparatively  low  value  of  current 
in  the  oscillating  circuit  which  obtained  during  these  tests 
the  form  of  plate  voltage  is  somewhat  different  from  a  sine 
wave,  and  the  variation  of  best  grid  potential  may  have  been  due 


Pig.  22 

to  this  cause.  It  is  also  possible  that  the  change  in  efficiency 
was  caused  by  the  change  in  minimum  plate  current  for  the 
different  excitations.  The  increase  in  efficiency  with  increase 
of  Eg  and  Ec  is  as  would  be  expected  from  the  analysis 
given  for  Fig.  19. 
A  series  of  runs  was  then  carried  out  (results  given  in  Table  II) 


TABLE 

II. 

Eb    -  1000  volts.     Ci  ■= 

2^F.     Ci  - 

3.91^F. 

-'-  138. 

Li  -  9.SH.     If    a 

■  3.65  Amp. 

'P 

Ec 

En 

Input 

Is 

R 

Output 

„  ^Output 

^xn 

min 

volts 

effective 

watti 

effective 

U) 

-  Rlt^ 

Input 

volts 

volts 

amps. 

watts 

watta 

A 

30 

270 

300 

134 

1.12 

37 

46.5 

34.7 

100 

270 

300 

179 

1.10 

85 

103 

57.6 

160 

270 

300 

204 

1.02 

117 

122 

59.8 

250 

270 

300 

217 

0.91 

149 

123 

56.8 

B 

490 

270 

300 

255 

0.60 

297 

107 

42.0 

to  study  the  effect  of  varying  the  value  of  the  minimum  plate 
voltage,  other  conditions  remaining  the  same;  this  was  ac- 
complished by  varying  R,  thus  cutting  down  the  value  of  the 
oscillating  current  and  hence  the  variation  of  voltage  across 
the  condenser  Ci,  Fig.  12.  The  variation  of  potential  across 
this  condenser,  it  will  be  noticed,  is  what  controls  the  fluct- 
uation of  plate  voltage. 
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The  value  of  minimum  plate  voltage  can  be  calculated  by 
subtracting  from  Eb  the  h  resistance  drop  through  Li  (which 
was  very  small  for  most  of  our  tests)  and  from  this  subtracting, 
the  maximum  value  of  the  alternating  potential  drop  across 
Ci.  These  calculations  were  made  and  the  results  are  shown 
in  the  curve  of  Fig.  23;  the  results  verify,  better  than  might 
be  expected,  the  conclusions  reached  from  theory.  With  the 
exception  of  the  first  value  of  Cp  (min.)  the  calculated  values 
agreed  with  the  values  measured  from  the  films;  the  value 
of  30  was  obtained  by  measurement  of  the  films  the  cal- 
culated value  not  agreeing  very  well  in  this  case.  Too  much 
reliance  cannot  be  placed  on  the  results  of  this  test  however 
as  the  exact  form  of  the  Cp  curve  might  affect  the  results  con- 
siderably; as  the  value  of  R  was  varied  the  relative  magni- 
tudes of  i  and  ii  (Fig.  12)  changed  and  this  would  affect 
the  form  of  Cp. 

For  various  of  the  runs  given  in  Table  I  oscillograms  were 
taken  of  some  or  all  of  the  quantities  involved.  For  the  con- 
ditions of  run  A  the  curves  of  Sp,  Cg,  and  ip  are  given  in  Fig.  24. 
From  this  film,  as  from  the  succeeding  ones,  the  first  thing  to 
be  noticed  is  that  the  grid  voltage  and  plate  voltage  are  just 
180  degrees  out  of  phase,  showing  that  the  load  circuit  was 
resistive  only.  The  maximum  positive  potential  of  the  grid 
measures  on  the  film  296  volts  and  the  corresponding  value 
of  plate  potential  measures 
220  volts.  By  reference  to 
the  curves  of  Fig.  17  it  may 
be  seen  that  for  these  re- 
spective voltages  a  large  part 
of  the  electron  current  is 
drawn  to  the  grid,  resulting 
in  the  peculiar  double 
humped  curve  of  plate  cur- 
rent. The  maximum  negative 
grid  potential  was  650  volts,  but  even  this  was  not  sufficient  to 
make  the  plate  current  zero.  Its  values  follow,  exactly  as  can 
be  measured,  the  values  given  by  the  curve  of  Fig.  21.  The 
slight  deformation  occurring  on  the  positive  alternation  of  Eg 
is  due  to  the  pulse  of  current  taken  by  the  grid  at  this  part  of 
the  cycle;  the  wave  form  of  the  alternator  used  for  E^  was 
nearly  a  pure  sine  wave,  as  may  be  seen  from  some  of  the  other 
films  to  be  given,  in  which  the  grid  took  no  current. 
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For  run  £  a  set  of  oscillograms  was  taken  to  show  all  of  the 
quantities  involved  in  the  operation  of  the  tube;  it  required 
five  oscillograph  records  to  get  all  the  quantities  wanted. 
These  five  films  were  combined  to  make  the  record  shown  in 
Fig.  25;  in  fitting  the  various  films  together  care  was  taken  to 
see  that  they  had  their  proper  respective  phases.  The  white 
line  drawn  vertically  through  all  the  records  gives  a  line  of 
equi-phase. 

This  set  of  curves  gives  the  complete  story  of  the  circuit 
and  tube.  The  plate  current  is  very  nearly  the  form  shown  in 
Fig.  20,  and  the  plate  potential  is  nearly  of  the  form  shown  in 
condition  (a)  of  the  same  figure.  The  slight  depression  in  the 
peak  value  of  ip  is  due  to  the  grid  taking  some  current,  this 
depression*  coinciding  in  time  with  the  peak  of  grid  current. 
The  form  of  the  positive  alternation  of  the  i  curve  is  not  like 
those  previously  given,  due  to  the  fact  that  it  has  been  as- 
sumed that  Ip  was  constant  whereas  it  actually  had  considerable 
fluctuation,  as  shown  in  the  record.  If  the  coil  used  for  Li 
had  more  inductance  this  variation  in  Ih  would  be  diminished; 
we  had  only  10  henries  with  a  resistance  of  189  ohms,  the  coil 
being  air  core.  In  practise  an  iron  core  coil  of  greater  in- 
ductance would  be  used  but  we  did  not  want  to  introduce  any 
other  sources  of  distortion  than  the  tube  itself. 

The  form  of  current  in  condenser  d  differs  from  that  in  con- 
denser C2  because  of  the  effect  of  ii,  which  will  practically  all 
flow  through  Ci  for  the  circuit  as  arranged. 

The  grid  current  has  just  the  form  and  magnitude  predictable 
from  Fig.  17;  the  amoimt  of  current  taken  by  the  grid  in  this 
test  and  the  values  of  Eg  and  Ee  used  caused  a  loss  of  power 
on  the  grid  (due  to  bombardment)  of  about  10  watts. 

The  two  filament  currents  if  and  %/  have  forms  which  might 
be  predicted  from  curves  similar  to  those  given  in  Fig.  15;  in 
that  end  of  the  filament  carrying  the  large  current  the  con- 
tinuous current  ammeter  measuring  the  current  indicated  only 
3.65  amperes  whereas  the  current  actually  went  as  high  as 
3.99  amperes  when  the  plate  was  taking  its  maximum  current. 
The  exact  amount  of  emission  from  the  filament  when  the 
tube  is  acting  as  a  generator  cannot  be  predicted  from  the 
static  characteristic;  the  temperature  distribution  in  the  fila- 
ment which  exists  in  the  oscillating  condition  cannot  be  dupli- 
cated in  a  static  test  and  it  is  this  temperature  distribution 
which  determines  the  emission. 
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The  drop  across  the  condenser  d  was  taken  to  see  whether 
or  not  it  had  the  right  magnitude  and  phase  to  serve  for  excita- 
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tion  of  the  grid  when  the  tube  was  run  self-exciting;  the  value 
of  C]  had  been  adjusted  with  this  point  in  mind. 
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The  scheme  of  getting  the  efficiency  indicated  in  Figs.  19 
and  20  was  tried  on  this  record  of  Cp,  ip,  and  t,  the  power  curves 
of  Cp  ip  and  Cp  i  being  shown  in  Fig.  25;  the  value  obtained, 
59  per  cent,  agrees  within  the  precision  of  the  test  with  that 
measured  by  the  meters  in  the  test.  The  value  of  63.8  per 
cent  given  in  Table  I  was  the  value  obtained  when  the  oscillo- 
graph circuits  were  not  connected;  the  closing  of  the  circuits 
changed  the  conditions  enough  to  drop  the  efficiency  to  59.5 
per  cent. 

Fig.  26  shows  the  form  of  ip  which  is  predicted  from  Fig.  17 
after  the  forms  and  magnitudes  of  Sp  and  eg  have  been  assumed; 
this  form  of  ip  is  very  close  to  the  actual  form  given  in  the  oscillo- 
gram of  Fig.  25. 

The  result  of  our  tests  and  analysis  have  then  shown  that 
the  efficiency  of  a  tube  as  a  generator  can  be  accurately  pre- 
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Fig.  27 


dieted  from  the  three  sets  of  curves  given  in  Figs.  14,  17,  and 
21  after  we  have  determined,  from  the  curves  of  Fig.  17,  what 
the  best  minimum  plate  potential  is  and  also  what  the  maxi- 
mum positive  potential  of  the  grid  should  be. 

To  get  a  fair  efficiency  (60  per  cent  or  better)  the  value  oilh 
should  not  be  greater  than  25  per  cent  of  the  saturation  current 
of  the  tube;  with  the  efficiency  known  and  the  safe  radiation  of 
power  from  the  plate  being  known,  the  proper  value  of  ^6  is 
fixed. 

Self  Excited  Tube,  Using  the  circuit  and  constants  used  in 
getting  the  records  of  Fig.  25  an  attempt  was  made  to  run  the 
tube  self  exciting  by  changing  the  connections  slightly  as  shown 
in  Fig.  27.  The  choke  coil  L2  serves  to  prevent  the  grid  from 
being  short-circuited  to  the  filament  (for  the  a-c.  excitation) 
through   the  machine  Ec-    The  voltage  for  excitatvo\\  ^^ss» 
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obtained  from  the  drop  across  the  condenser  C2,  the  insulating 
condenser  Cj  being  necessary  to  prevent  short-circuiting  the 
machine  Eb-  With  this  connection  the  grid  does  not  get  quite 
as  milch  excitation  as  shown  by  the  curve  ec2  in  Fig.  25,  be- 
cause an  appreciable  part  of  this  voltage  is  used  in  overcoming 
the  reactance  drop  in  Cz-  (In  this  calculation  the  capacity  of 
the  grid  circuit  of  the  tube  itself  must  be  considered ;  in  some 
of  the  type  P  tubes  this  capacity  is  as  high  as  200  n  nf.  when 
the  load  circuit  has  its  proper  impedance  for  maximum  output.) 
The  circuit  of  Fig.  27  refused  to  act  as  it  did  for  the  separate 
excitation,  giving  a  small  output  at  a  low  efficiency;  a  more 
careful  examination  of  the  record  in  Fig.  25  gave  the  reason. 
The  alternating  components  of  eg  and  Cp  must  be  exactly  180 
degrees  out  of  phase  if  the  maximum  output  and  efficiency  are 
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Fig.  28 


to  obtain,  as  becomes  at  once  evident  if  the  construction  of 
Fig.  19  be  carried  out  for  any  other  than  the  180  degree  rela- 
tion. Measurement  of  the  film  of  Fig.  25  shows  6c2  to  be  33 
degrees  out  of  the  180  degree  phase  with  e^  and  that  much  phase 
displacement  is  sufficient  to  completely  upset  the  conclusions 
so  far  reached.  It  was  therefore  necessary  to  change  the 
relative  phases  of  e^  and  ^ca.  A  possible  scheme  is  conventionally 
indicated  in  Fig.  28;  a  rotating  field  is  produced  by  proper 
connection  to  the  load  circuit  and  a  rotatable  coil  placed  in  this 
rotating  field  serves  for  the  grid  excitation.  We  had  a  simpler 
scheme  at  hand  so  did  not  try  this  one. 

The  difference  in  phase  in  the  voltages  across  Ci  and  C2 
comes  from  the  effect  of  the  current  i,  present  in  C\  to  a  greater 
extent  than  in  Cj.  By  making  the  effect  of  this  current  small 
its  disturbing  effect  may  be  reduced,  and  this  can  be  done  by 
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increasing  the  values  of  Ci  and  d,  and  decreasing  the  value 
of  R,  the  value  of  L  being  properly  reduced  to  maintain  the 
same  frequency.  The  increase  in  capacity  will  increase  the 
value  of  the  oscillatory  current  ii  and  as  i  remains  constant 
its  effect  on  the  relative  phases  of  Cd  and  e^  becomes  pro- 
portionately less. 

The  arrangement  of  apparatus  remaining  as  in  Fig.  12  the 
constants  were  readjusted  for  efficient  operation  and  a  set  of 
readings  was  obtained  as  follows;  Et  =  900  volts,  Ee  =  230 
volts,  Eg  =  310  volts,  frequency  =  143,  Li  =  9.8  henries, 
lb  =  0.321  amperes,  Ci  =  9.2  microfarads,  d  =  18.4  micro- 
farad. The  resistance  of  the  load  circuit  was  7.80  ohms  and 
the  oscillatory  current  produced  was  4.30  amperes  giving  an 
alternating-current  output  of  143  watts.  The  input  to  the 
tube  circuit  is  obtained  from  the  product  Ebh  after  certain 
losses,  not  chargeable  to  the  tube  circuit,  have  been  deducted. 

The  condensers  Ci  and  C2  each  consisted  of  two  condensers 
connected  in  series  because  of  the  high  potentials  occurring  in 
the  circuit.  In  order  to  make  the  two  individual  condensers 
divide  the  voltage  Et  equally  it  is  necessary  that  their  insula- 
tion resistances  be  alike,  a  condition  seldom  encoimtered. 
That  condenser  having  the  higher  resistance  (the  better  one) 
will  take  all  of  the  Eb  voltage  as  well  as  its  share  of  the  alter- 
nating voltage  of  the  circuit,  resulting  in  its  probable  break- 
down. To  prevent  this  occurrence  leak  resistances  were  used 
across  each  of  the  condensers  making  up  Ci  and  C2,  the  leaks 
each  being  21,000  ohms  making  the  leak  resistance  of  Ci  and  d 
each  42,000  ohms.  Subtracting  the  PR  losses  in  these  leaks 
as  well  as  the  P  R  loss  in  the  choke  coil  Li,  gives  the  input  to 
the  tube  circuit  229  watts;  the  efficiency  was  thus  62.7  per 
cent. 

Oscillograms  taken  of  the  currents  in  this  circuit  are  given  in 
Fig.  29.  It  is  evident  that  the  values  of  Eg  and  Ee  might  well 
have  been  greater,  resulting  in  a  higher  efficiency  because  of 
the  resultant  smaller  minimum  plate  current.  Although  the 
plate  current  during  the  time  A  —  B  (Fig.  29)  is  small,  the  plate 
voltage  is  large  and  so  results  in  a  high  unnecessary  loss  on  the 
plate. 

The  phase  of  Ec^  is  now  practically  coincident  with  that  of 
Eg  and  it  should  therefore  serve  as  a  source  of  excitation.  The 
circuit  did  not  give  as  much  power  however  when  made  self 
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exciting  as  it  should,  so  the  constants  were  changed  slightly  to 
get  more  power.  As  finally  tested  the  self-exciting  circuit  had 
the  constants  and  performance  given  herewith:  Ei,  =  1040 
volts,  lb  =  0.335  amperes,  Ci  =  7.36  microfarads,  Ct  =  13.8 
microfarads,  L  =  0.201  henry,  Li  =  9.8  henry,  L2  =  9.0  henry 
Ec  =  230  volts,  R  =  8.0  ohms.  The  current  produced  in  the 
oscillating  circuit  was  4.40  amperes  resulting  in  an  efficiency  of 
57  per  cent. 

Fig.  30  shows  the  currents  and  voltages  in  this  self  exciting 
circuit  and  it  is  at  once  evident  why  such  a  low  efficiency  was 
obtained;  the  minimum  plate  voltage  instead  of  being  200 
volts,  as  it  should  for  this  tube,  was  300  volts.  For  this  figure 
the  curve  of  plate  current  included  also  the  alternating  part 
of  the  grid  current,  hence  the  absence  of  the  depression  at  the 
peak  value. 

The  current  through  the  plate  current  vibrator  reversed 
during  part  of  the  cycle,  due  to  the  fact  that  this  vibrator 
carried  in  addition  to  the  plate  and  grid  currents,  an  alter- 
nating current  which  resulted  from  the  voltage  across  the 
condenser  d  acting  through  the  reactance  of  coil  L2  and 
condenser  Cz,  Fig.  27.  This  current  is  shown  as  ix  in  Fig.  30; 
when  the  plate  current  is  corrected  by  this  small  amount  it  is 
seen  that  the  plate  current  does  not  reverse,  as  we  know  it  can- 
not with  the  conditions  as  they  existed  in  this  test. 

Action  of  the  Tube  at  High  Frequency.  It  was  desired  to  show 
that  the  action  of  the  tube  was  just  the  same  at  high  frequency 
as  at  the  low  frequencies  used,  so  a  circuit  was  arranged  similar 
to  that  of  Fig.  27,  with  smaller  values  of  capacity  and  induct- 
ance. The  choke  coils  Li  and  L2  used  in  the  previous  tests 
would  act  as  condensers  of  comparatively  low  reactance  at  the 
high  frequency  to  be  used,  so  they  also  had  to  be  changed. 
The  constants  of  the  circuit  used  were:  Eb  =  1000  volts, 
It  =  0.285  amperes  Ci  =  0.0144  microfarad,  Cj  =  0.0284  micro- 
farad frequency  =  98,500,  L,  =  0.023  henry,  L2  =  0.016  henry, 
Ee  =  240  volts,  R  =  6.16  ohms  (high  frequency  determina- 
tion). There  were  no  leaks  used  with  the  condensers  in  this 
circuit  so  that  the  product  Ebh  after  subtracting  the  P  R  loss 
on  the  choke  coil  Li,  gives  the  input.  It  is  found  to  be  284 
watts,  and  as  the  output  to  the  load  circuit  was  160  watts  the 
efficiency  was  56 . 2  per  cent  which  is  in  fair  agreement  with  the 
results  obtained  at  166  cycles. 
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In  Figs.  31  to  35  are  shown  some  special  oscillograms  of  the 
plate  current,  plate  voltage,  and  grid  voltage,  all  for  the  sep- 
arately excited  tube  with  the  circuit  shown  in  Fig.  12;  the  con- 
ditions of  the  circuit  were  as  noted  in  Tables  I  and  II. 

The  conditions  obtaining  when.  Fig.  35  was  taken  show 
the  best  adjustments  for  efficiency  which  we  were  able  to  get 
with  the  type  P  tube;  the  high  efficiency  was  obtained  without 
unduly  decreasing  the  output.  If  this  form  of  plate  current 
could  be  maintained  and  the  value  of  £  6  be  increased  to  3000 
volts  the  calculated  efficiency  becomes  85  per  cent;  this  is 
probably  as  good  as  could  be  done  with  sine  wave  shapes  of 
6p  and  e„  but  it  seems  as  though,  by  suitably  deforming  both 
of  them,  the  efficiency  could  be  considerably  increased  over 
this  figure. 

Tests  similar  to  those  described  in  this  paper  were  carried 
out  using  a  much  smaller  tube,  that  styled  by  the  Signal  Corps 
VT-2.  The  results  obtained  with  the  large  tube  were  dupli- 
cated almost  exactly  in  so  far  as  efficiency  was  concerned. 
Although  the  normal  adjustments  used  with  these  tubes  were 
such  that  the  tube  efficiency  was  about  30  per  cent  it  was  found 
possible  to  so  adjust  the  values  of  Er  and  Eg  that  the  tube 
gave  an  output  of  6.3  watts  with  an  efficiency  of  70  per  cent 
the  voltage  used  in  the  plate  circuit  being  the  rated  value, 
namely  300  volts.  It  was  found  possible  to  get  over  7  watts 
output  with  the  plate  loss  considerably  lower  than  its  safe 
rated  value ;  if  the  plate  voltage  had  been  increased  to  perhaps 
400  volts  the  tube  output  might  have  been  raised  to  10  watts 
while  still  having  the  plate  loss  within  its  safe  value. 

These  tests  were  all  carried  out  with  a  separately  excited  tube; 
with  the  tube  self  excited  the  efficiency  was  not  obtained  higher 
than  61  per  cent,  with  a  plate  voltage  of  300.  This  run  gave 
an  output  of  5.6  watts  output  with  a  current  lb  of  0.0305 
amperes;  the  frequency  was  400,000  cycles,  the  value  of  R 
was  53  ohms,  the  oscillating  current  0.325  amperes,  Ci  and  Ct 
being  1360  and  770  micro-micro-farads,  respectively.  The 
value  of  E,  was  40  volts. 

With  the  conditions  of  a  self  excited  circuit  adjusted  for  the 
best  conditions  as  previously  outlined  difficulty  may  be  en- 
countered in  starting  the  circuit  to  oscillate,  a  shock  of  some 
kind  being  generally  required  to  start  oscillations.  Because 
of  this  possible  difficulty  it  may  be  the  best  practise  to  nm 
tubes  separately  excited,  using  one  tube,  (so  adjusted  that  it 
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oscillates  readily)  for  exciting  others.  It  may  well  be  that  with 
a  high  resistance  in  the  oscillating  circuit  more  output  can  be 
obtained  from  two  tubes  if  one  only  is  used  as  a  generator, 
the  other  being  used  as  exciter  only.  Certainly  if  more  than 
two  tubes  are  to  be  used  it  will  be  well  to  use  one  as  exciter 
for  supplying  the  grid  voltage  for  the  others. 

Somewhat  more  manipulation  is  required  with  the  separately 
excited  tube  than  with  the  self  excited  one  because  two  circuits 
(the  resonant  circuit  of  the  exciter  and  the  output  circuit  of 
the  power  tubes)  must  be  timed,  but  the  probable  increase 
in  output  will  make  it  worth  while. 


Pr$SinUd  at  a  joint  meeting  •/  the  American 
Institute  of  Electrical  Engineers  and  the  Am- 
erican Physical  Society,  Philadelphia,  Pa., 
October  10. 1919. 
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THE  POSITIONS  OF  ATOMS  IN  METALS 


BY  A.  W.  HULL 


Abstract  op  Paper 

When  a  narrow  beam  of  X-rays  passes  through  a  fine  powder 
of  any  crystalline  material,  it  produces  on  a  photograi)hio  plate 
placed  just  behind  the  powder  a  pattern  of  concentric  circles. 
These  circles  are  produced  by  the  reflection  of  the  X-rays  from 
the  planes  of  atoms  in  the  crystal,  and  their  diameters  are  a 
measure  of  the  distances  between  these  planes  of  atoms.  By 
measuring  the  diameters  of  the  circles  the  exact  positions  of  the 
atoms  can  be  determined.  The  results  of  this  analysis  are  given 
for  twenty  common  metals  and  several  salts,  with  examples  and 
brief  description  of  the  method,  and  a  discussion  of  the  results. 


"T*  HE  determination  of  the  exact  positions  of  atoms  in  solid 

•'■      bodies  is  the  next  to  last  of  a  series  of  discoveries,  that 

have  made  atoms  as  real  as  the  bricks  of  which  hoiises  are  built. 

The  atom  of  20  years  ago  was  the  "hjrpothetical  smallest  sub- 
division of  matter/'  The  atom  of  today  is  a  real  object  of 
definite  shape  and  size.  We  know  what  it  is  made  of.  We 
know  its  weight  in  grams.  We  can  see  its  splash  when  it  im- 
pinges on  a  plate  of  fluorescent  material.  We  know  its  exact 
speed  when  it  flies  about  as  gas.  And,  lastly,  we  know  its 
exact  position  when  it  forms  part  of  a  solid  body. 

A  brief  enumeration  of  these  discoveries  is  a  necessary  in- 
troduction to  the  following  discussion. 

First  came  the  discovery  of  dancing  molecules.  Heat  had 
been  considered  a  substance.  The  "Kinetic  Theory  of  Gases" 
proved  that  it  is  a  condition,  viz.,  the  motion  of  the  molecules, 
which  fly  about  like  frenzied  bees,  bumping  against  each 
other  and  the  walls  of  their  enclosure.  Through  this  discovery, 
all  the  store  of  facts  and  laws  about  gases  can  be  correlated  by 
the  single  picture  of  these  dancing  molecules.  We  believe  in 
these  dancing  molecules  as  firmly  as  in  the  law  of  gravitation. 
Whenever  we  think  of  gas  we  see  dancing  molecules. 

The  next  discovery  was  J.  J.  Thomson's  streaming  electrons. 
Our  text-books  taught,  and  some  still  do,  that  electricity  is 
not  a  fluid,  though  it  behaves  in  many  ways  like  one.    Thomson 
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proved  that  electricity  is  a  fluid,  that  its  atoms  are  the  electrons 
which  constitute  the  atoms  of  matter,  and  that  it  flows  through 
wires  just  as  water  flows  through  pipes. 

Next  came  the  weighing  of  the  atom.  Faraday  showed  long 
ago  how  to  determine  the  weight  of  an  atom  in  terms  of  the 
charge  it  carries  in  electrolysis.  There  remained,  therefore, 
only  the  measurement  of  this  "unit  charge"  viz.,  the  charge  of 
a  single  electron,  by  Millikan,  to  give  the  exact  weight  in  grams 
^  of  any  atom  that  can  be  deposited  electrolytically.  As  soon 
as  the  weight  of  any  one  atom  is  known,  the  weights  of  all  the 
others  can  at  once  be  calculated  from  the  known  relative 
atomic  weights. 

Then  came  the  counting  of  individual  atoms.  This  began 
with  Sir  William  Crookes'  "spinthariscope,"  and  culminated  in 
the  beautiful  experiments  of  Rutherford  and  Geiger,  in  which 
they  counted  one  by  one  the  helium  atoms  (the  so-called  "a 
particles")  as  they  emerged  from  the  surface  of  disintegrating 
radium;  and  then  allowed  them  to  pass,  one  by  one,  into  a 
thin-walled  glass  tube,  until  enough  had  accumulated  to  form 
a  gas  whose  pressure  could  be  measured  and  spectrum  analyzed. 

These  counting  experiments  led  directly  to  the  determination 
of  the  composition  of  the  atom.  J.  J.  Thomson  had  proved  that 
every  atom  contains  electrons.  Rutherford  proved  that  it  also 
contains  a  positively  charged  kernel  or  nucleus,  very  small 
compared  to  the  whole  atom,  but  so  dense  that  it  contributes 
nearly  the  whole  weight  of  the  atom.  The  hypothetical  atom 
thus  became  a  concrete  thing  that  can  be  visualized;  a  tiny, 
(but  large  enough  to  be  studied)  solar  system,  with  nucleus  sun 
and  electron  planets.  The  only  respect  in  which  one  kind  of 
atom  differs  from  another  is  the  magnitude  of  the  positive 
charge  of  the  nucleus,  which  determines  how  many  electrons  it 
can  hold  in  its  planetary  system,  and  hence  all  its  physical  and 
chemical  properties. 

Finally  came  the  discovery,  by  the  Braggs,  of  the  method  of 
determining  the  positions  of  the  atoms  in  solid  bodies.  The 
beautiful  "point  lattices"  of  the  crystallographers  were  hypo- 
thetical. They  enumerated  possibilities,  but  could  not  point 
out  the  reality.  The  Bragg  measurements  of  atomic  distances 
give  the  actual  arrangements.  They  are  as  accurate  and 
reliable  as  those  of  the  surveyor  or  astronomer.  The  only 
assumption  made  is  that  the  arrangement  of  atoms  is  a  regular 
one  which  repeats  itself,  and  this  assumption  can  be  checked  by 
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experiment.  The  method  consists  simply  in  the  measurement, 
by  means  of  a  special  ''measuring  rod"  which  will  be  described, 
of  the  distance  between  atoms  in  three  or  more  different  direc- 
tions. From  these  measurements  a  model  can  be  constructed, 
which  can  then  be  checked  by  further  measurements.  The 
model  must  also  agree  with  known  physical  properties  of  the 
substance,  such  as  density,  atomic  weight,  and  crystal  habit. 
A  model  which  contains  but  one  kind  of  atoms  and  satisfies  all 
these  tests  may  be  regarded  as  very  reliable.  The  reliability 
is  still  further  increased  by  the  fact  that  all  the  models  investi- 
gated thus  far  have  turned  out  to  be  very  simple.  In  cases 
where  there  is  more  than  one  kind  of  atom,  i. 6.,  compounds  or 
alloys,  an  additional  factor,  viz.,  the  size  and  shape  of  the 
atoms,  must  be  taken  account  of.  There  is  one  type  of 
compound,  containing  only  two  kinds  of  atoms,  whose  struc- 
ture is  so  simple  that  it  cannot  be  misunderstood.  Examples 
of  this  type  will  be  included  in  the  following  discussion.  Com- 
pounds containing  more  than  two  kinds  of  atoms  have  not  yet 
been  sufficiently  studied  to  warrant  their  discussion,  but  there 
is  every  reason  to  believe  that  their  analysis  will  be  equally 
simple  and  reliable. 

In  the  following  pages,  there  will  be  given,  first,  a  general 
survey  of  the  results  obtained,  then  a  brief  description  of  the 
method  of  measurement,  and  lastly,  a  more  complete  discussion 
of  the  individual  models  and  some  of  their  properties. 

I  have  referred  to  the  location  of  atoms  as  next  to  last  in  the 
series  of  atomic  discoveries.  For  in  order  to  complete  the 
picture,  one  more  discovery  is  necessary,  viz.,  the  shape  and 
size  of  the  atom.  An  excellent  beginning  in  this  direction  has 
already  been  made  by  Langmuir^  whose  theory  of  atomic 
structure  predicts  the  shapes  and  relative  sizes  of  all  the  atoms, 
and  gives  strong  chemical  evidence  in  favor  of  these  predictions. 
The  author  hopes  soon  to  be  able  to  add  the  evidence  of  X-Ray 
measurements,  which  will  determine  not  only  the  shape  but  the 
exact  size  of  the  atoms,  that  is,  the  positions  of  the  electrons  in 
the  atoms. 

2.  Summary  of  Results.  The  most  striking  result  of  these 
investigations  is  the  extreme  simplicity  of  arrangement  of 
atoms  in  common  metals.    Among  the  metals  thus  far  ex- 

1.  Langmuir,  J.  Amer,  Chem,  Soc.  41,  868,  June,  1919. 

2.  Hendrick,  J,  Chem,  Met  Eng,  21,  3,  July.  1919. 
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amined  only  three  types  of  atomic  arrangement  are  found, 
and  these  are,  with  one  exception,  the  three  simplest  geo- 
metrical arrangements  known.  The  simplest  arrangement 
of  all  is  not  found  among  metals,  but  is  characteristic  of  salts, 
which  are  composed  of  equal  numbers  of  positive  and  neg- 
ative ions.  This  type  and  a  fifth  type,  also  very  simple, 
which  is  characteristic  of  non-metallic  elements,  will  be  in- 
cluded in  the  discussion  for  the  purpose  of  comparison. 

The  most  common  arrangement  in  metals  is  the  face  centered 
cubic  arrangement,  shown  in  Fig.  1.  This  is  also  the  most 
important  since  most  of  the  useful  metals, — e^  jf.,  aluminium, 
nickel,  cobalt,  copper,  silver,  platinum,  gold, — have  this  ar- 
rangement of  atoms.    Perhaps  it  would  be  better  to  say  that 


Fig.  1a — Face  Centered  Cubic  Arrangement  (Cubic  Close  Packing) 


those  substances  are  most  useful  as  metals  which  have  this 
arrangement,  since,  as  will  be  shown  later,  their  ductility  is 
due  largely  to  this  arrangement. 

The  face-centered  cubic  arrangement  is  obtained  by  dividing 
the  space  occupied  by  a  single  crystal  or  ''grain"  of  metal  up 
into  a  system  of  equal,  closely  packed  cubes  (Fig.  1a)  and 
placing  an  atom  at  e^h  cube  comer  and  at  the  center  of  each 
cube  face.  All  the  aTOms  in  this  arrangement,  both  comer  and 
face  atoms,  are  similarly  situated  as  regards  symmetry  and 
relation  to  neighbors.  Each  atom  is  surrounded  by  twelve 
others,  all  equidistant  and  exactly  similarly  situated  for  every 
atom.  It  is  this  high  degree  of  symmetry,  combined  with  the 
close  packing,  that  makes  substances  of  this  type  so  ductile. 
This  arrangement  is  known  as  "cubic  close-packing"  and  is 
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one  of  the  two  alternative  arrangements  that  equal  hard 
spheres  assume  (Fig.  1b)  when  pressed  tightly  together,  with 
sufficient  shaking  to  allow  them  to  find  their  places.  This 
suggests,  and  the  other  evidence  at  hand  points  to  the  same 


Fio.  1b — Pace  Centered  Cobic  Arbanqeuent  (Cubic  Close  Packino) 

conclusion,'  that  the  atoms  of  the  substances  which  have  this 
arrangement  are  fairly  spherical  in  shape.  The  necessary 
shaking  corresponds  to  the  temperature  required  for  "anneal- 
ing."   The  only  difference  between  the  packing  of  balls  and 


Fio.  Ic — Face  Centered  Cbbic  Arranoemenj^Cubic  Close  Packing) 

that  of  atoms  of  this  kmd  Is  the  ability  of  the  atoms  to  hold 
on  to  each  other  after  they  have  found  their  places. 

There  is  one  important  exception  to  the  rule  that  the  most 
ductile,  and  therefore  the  most  generally  useful,  substances  are 

2.     cf.  Langmuir,  1.  c.  p.  878. 
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those  whose  atoms  are  in  face-centered  cubic  arrangement, 
viz.,  iron.  The  atoms  of  iron,  and  also  of  chronium,  molyb- 
denum, tungsten,  and  the  allcali  metals,  are  in  centered  cubic 
arrangement  (Fig.  2).  This  arrangement  is  obtained  by  divid- 
ing  the  space  occupied  by  a  single  crystal  or  grain  into  eq\ial 
close-packed  cubes,  and  placing  an  atom  at  each  cube  comer 
and  each  cube  center.  The  two  sets  of  atoms,  the  "comer- 
atoms"  and  the  "center  atoms,"  are  interchangeable,  so  that 
if  the  system  of  lines  in  Fig.  2  had  started  with  one  of  the  center 
atoms,  all  the  comer  atoms  in  Fig.  2  would  become  center 
atoms  and  vice  versa.  Each  atom,  whether  center  or  corner 
atom,  is  surrounded  by  eight  others  in  perfect  cubic  arrange- 
ment about  it,  situated  always  in  the  same  direction  and 
at  the  same  distances.     Hence  this  arrangement  has  the  same 
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Fio.  3 — Centered  Cubic  Arranoembnt 


high  degree  of  symmetry  as  the  face-centered  cubic  arrange- 
ment. It  is  not,  however,  as  closely  packed.  Smooth,  hard 
spheres  cannot  be  packed  in  centered  cubic  arrangement 
except  by  the  use  of  constraints,  and  when  so  packed  are  in 
unstable  equilibrium.  A  slight  jar  causes  them  to  reassemble 
in  one  of  the  close-packed  arrangements.  (Fig.  1  and  3)  It 
is  evident,  then,  that  the  atoms  of  these  elements  are  either 
not  spherical  or  that  they  possess  some  special  forces  of  at- 
baction  localized  at  cube  comers  (see  Fig.  15). 

The  third  type  of  arrangement  found  in  metals  is  the  Aexa- 
qcmoL  close-packed  arrangement  (Fig.  3).  It  is  the  second  of 
the  two  alternative  arrangements  which  equal  hard  spheres 
assume  when  closely  packed  by  pressure  and  shaking.  It  is 
less  symmetrical  than  the  cubic  close  packed  arrangement,  but 


Fic.  2— HEXAfiONAL  Close-Packed  Ahranoemekt 
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equally  close  packed.  The  two  are  closely  related,  and  each 
can  be  produced  from  the  other  by  a  ^mple  ^ding,  as  will  be 
shown  later.  This  is  the  arrangement  taken  by  the  atoms  of 
magne^um,  zdnc,  cadmium  electrolytic  cobalt,  and  probably 
to  some  extent  by  all  cubic  close-packed  metals  when  strained 
(so  as  to  cause  gliding.)  This  arrangement  is  formed  by  divid- 
ing the  space  occupied  by  a  single  crystal  of  the  substance  into 
a  series  of  equal  closely  packed  right  triangular  prisms,  the 
bases  of  which  are  equilateral  triangles,  and  the'^titudes  equal 
to  1.633  times  the  length  of  the  sides  of  the  triangles.  (Fig.lA.) 
An  atom  is  located  at  each  prism  comer  and  at  half  of  the  prism 
centers.    This  arrangement  is  simpler  and  more  symmetrical 
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Fio.  4— Simple  Cubic  Arranqement 

than  it  appears.  Each  atom  is  surrounded  by  twelve  others, 
all  equidistant  and  uniformly  spaced  about  it  in  dodecahedra 
arrangement.  These  dodecahedra  are  of  exactly  the  same  di- 
mensions as  in  the  cubic  close-packed  arrangement,  but  are  not 
quite  regular,  th&  upper  half  being  rotated  60°  from  the  posi- 
tion corresponding  to  a  regular  dodecahedron. 

There  are  two  other  simple  types  of  arrangement,  which, 
though  they  do  not  occur  among  metals,  are  important  for 
comparison,  and  their  description  will  make  clearer  the  distin- 
guishing features  of  metals.  _ 

The  first  is  the  simple  cubic  arrangement  (Fig,  4),  It  is 
formed  by  dividing  the  space  occupied  by  a  crystal  into  a 
series  of  equal,  closely-packed  cubes,  and  placing  an  atom  at 
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each  cube  comer.  All  the  atoms  are  similarly  situated,  each 
being  surrounded  by  six  others,  all  equidistanct,  in  the  direction 
of  the  cube  faces.  In  spite  of  its  great  simplicity,  it  has  only 
the  same  degree  of  S3rmmetry  as  the  two  cubic  arrangements 
already  described.  It  is  an  extremely  ''loose  packed"  arrange- 
ment for  hard  spheres,  and  would  be  very  unstable.  A  system 
of  equal  cubes,  however,  if  packed  in  this  manner  would  fill  all 
space. 

No  elementary  solid  has  yet  been  found  whose  atoms  arrange 
themselves  in  this  manner.  This  fact  might  be  interpreted  as 
evidence  that  none  of  the  atoms  are  cubical  in  shape.  There  is 
strong  evidence,  however,  that  many  of  the  atoms,  especially 
those  of  low  atomic  weight,  are  approximately  cubical  in  shape'. 
The  fact  that  when  these  substances  crystallize,  their  atoms  do 
not  pack  together  in  simple  cubic  arrangement,  is  due  rather 
to  the  nature  of  the  forces  holding  them  together  (see  discussion 
of  iron,  tungsten,  etc.,  above.)  It  may  be  taken  as  evidence 
that  these  forces,  in  the  case  of  cubical  atoms,  are  not  localized 
at  the  centers  of  cube  faces,  but  at  cube  comers. 

The  substances  which  have  this  simple  cubic  arrangement  of 
atoms  are  composed  of  equal  numbers  of  positive  and  negative 
ions.  The  positive  and  negative  ions  alternate  in  every  direc- 
tion as  shown  in  Figs.  4  and  16,  so  that  each  positive  ion  is 
completely  surrounded  by  six  negative  ions  and  vice  versa. 
The  forces  holding  these  atoms  together  are  different  from  any 
of  those  thus  far  considered.  In  the  cases  described  above, 
and  in  the  great  majority  of  compounds,  the  cohesion  is  due  to 
the  "stray  fields"  of  the  atoms.  In  these  ion  compounds  it  is  due 
to  the  electrostatic  attraction  between  the  oppositely  charged 
ions.  This  is  stronger  than  the  stray  fields,  and  causes  the 
atoms  to  pack  together  as  closely  as  their  shape  will  allow. 
The  fact  that  they  choose  to  pack  in  simple  cubic  arrangement 
is  additional  evidence  that  they  are  cubic  in  shape.  No  ion 
compounds  of  this  kind,  (t.  e.  containing  equal  numbers  of 
positive  and  negative  ions  of  approximately  the  same  size) 
between  spherical  atoms  have  yet  been  examined,  but  it  is  to 
be  expected  that  they  will  show  one  of  the  "close  packed" 
arrangements  (face-centered  cubic  or  hexagonal)  described 
above. 

The  fifth  simple  type  of  atomic  arrangement  is  the  tetra- 

3.     (See  Langmuir,  1.  c.  41,  p.  892  ff.) 
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hedral  arrangement.  (Fig.  5.)  Each  atom  is  surrounded  by 
four  others,  arranged  in  a  regular  tetrahedron  about  it.  It  is 
not  as  symmetrical  as  the  three  cubic  arrangements  described 
above  (Figs.  1,  2,  and  4)  for  while  each  atom  is  at  the  center  of 
a  tetrahedron  of  neighboring  atoms,  half  of  these  tetrahedra 
are  positive  and  half  negative;  i.  e.,  upside  down  with  respect 
to  the  first. 

The  only  substances  thus  far  found  with  the  tetrahedral 
arrangement  of  atoms  are  diamond,  silicon,  and  the  "ion  com- 
pound" N  H4  CI.  There  is  strong  chemical  evidence  that  in 
each  of  these  substances,  the  unit  of  structure,  {viz.  the  C  and  Si 
atom,  and  the  N  H4  ion)  is  really  tetrahedral  in  shape. 

The  Measuring  Machine.  The  determination  of  these  atomic 
arrangements  requires  the  measurement,  in  as  many  different 
directions  as  possible,  of  the  distance  between  consecutive 
planes  of  atoms.  The  arrangement  of  atoms,  whatever  it  may 
be,  is  assumed  to  be  a  regular  one  which  repeats  itself  through- 
out the  crystals  This  assumption  can  be  checked  by  the 
result.  Through  such  an  arrangement  a  system  of  equidistant 
parallel  planes  can  be  drawn  in  any  direction  whatever  so  as  to 
pass  through  all  the  atoms.  In  most  directions,  these  planes 
will  be  very  close  together  and  sparsely  settled  with  atoms. 
In  a  few  particular  directions,  however,  they  will  be  far  apart 
and  densely  populated  These  are  the  directions  of  easy  cleav- 
age and  gliding.  It  is  these  densely  populated  planes  whose 
distances  apart  are  measured. 

The  original  measuring  machine,  by  which  the  pioneer 
measurements  were  made,  was  a  special  form  of  "spectrometer." 
It  has  been  simply  and  charmingly  described  by  its  inventors  in 
a  book^  worth  reading.  The  measurements  described  in  this 
paper  were  made  with  a  modified  form  of  Bragg  machine. 
The  original  machine  was  applicable  only  to  large,  perfect 
crystals,  required  careful  manipulation,  and  was  subject  to 
serious  error  unless  the  crystals  were  very  perfect  and  the 
number  of  observations  large.  The  author's  modification  is 
free  from  these  errors,  requires  but  one  simple  observation,  and 
is  applicable  to  all  substances  which  are  crystalline,  i.  e.,  all  in 
which  there  is  any  arrangement  to  measure. 

5.  (If  the  arrangement  is  not  regular,  there  is  nothing  to  be  measured. 
Such  "amorphous"  solids  are  very  few  in  number,  much  fewer  than  was 
previously  believed.) 

6.  (W.  H.  and  W.  L.  Bragg,  ''X-Rays  and  Crystal  Structure"  G.  Bell 
&  Sons,  London.) 
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The  complete  machine  is  shown  in  Fig.  6.  It  consists  of  a' 
small  transformer  (or  other  source  of  high  potential)  capable  of 
supplying  1  kw.  at  about  30,000  peak  volts;  a  Coolidge  X-Ray 
tube,  X;  a  thin  sheet  of  properly  chcsen  material,  /,  serving  as 
filter;  a  pair  of  slits,  Si  and  Si,  in  metal  sheets,  to  limit  the  beam 
of  X-rays;  a  tiny  glass  tube,  T,  containing  the  powdered 
substance  to  be  measured;  and  a  photographic  plate  or  strip  of 
film  bent  in  arc  of  circle,  F.  The  operation  consists  in  filling 
the  glass  tube  with  a  few  milligrams  of  the  substance  to  be 
analyzed,  powdered  as  finely  as  possible;  "loading"  the  photo- 
graphic film  holder;  exposing  over  night  to  X-Rays  at  30,000 
peaJt  volts  and  as  many  milliamperes  as  the  tube  will  carry 


Fio.  6— Powder  Photoqrapb  AppAtiAToa 


safely  without  watching,  (a  maximum  exposure  of  300  milli- 
ampere  hours] ;  and  developing  the  film. 

Typical  photographs  are  shown  in  Fig.  7  A  and  7  B.  Fig.  7a  is 
a  photograph  of  aluminium  filings,  taken  with  a  plate  and  very 
short  slits,  so  that  the  trace  of  the  direct  beam  in  the  center  of 
the  plate  is  a  circular  spot.  Fig.  7b  is  a  photograph  of  moly- 
bdenum powder,  taken  with  circular  film  and  slits  as  shown  in 
Fig.  6^  In  this  case  the  traces  of  the  circles  on  the  film  show 
as  nearly  straight  lines.     The  circles  and  lines  are  due  to  the 

7.  The  centralline  and  first  "reflected"  line  in  Fig.  7b  have  been  par- 
tially absorbed  by  a  "stepped"  filter,  placed  directly  in  front  of  the  film, 
tor  the  purpose  of  measuring  the  intensity  of  the  lines. 
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"reflection"  of  the  X-rays  by  the  tiny  crystals  of  molybdenum 
in  the  tube,  as  will  be  described  later.  The  distances  of  these 
circles  or  lines  from  the  central  line  on  the  film  are  nearly  pro- 
portional, inversely,  to  the  distances  between  the  planes  of 
atoms,  and  from  them  these  atomic  distances  can  be  easily  and 
quickly  calculated.  Some  examples  of  calculation  are  given 
below. 

The  Measuring  Rod.  The  measuring  rod  by  which  these 
atomic  distances  are  measured  is  the  wave-length  of  a  particular 
X-ray. 

The  possibility  of  measuring  the  dimensions  of  any  physical 
body  depends,  primarily,  upon  the  possession  of  a  measuring 
rod  of  length  comparable  with  the  dimensions  to  be  measured. 
Thus,  the  discovery  and  calibration  of  wave-lengths  of  visible 
light  opened  up  a  whole  new  field  of  measurements,  comparable 
in  length  with  this  new  measuring  rod,  such  as  the  thickness  of 
films,  imperfection  of  polished  surfaces,  displacement  of  vibra- 
ting membranes,  increase  in  Ij^ngth  due  to  thermal  expansion, 
etc.  In  the  same  way,  the  discovery  that  X-rays  are  of  the 
same  nature  as  light,  and  the  isolation  and  calibration  of 
X-ray  wave-lengths,  opened  up  a  vast  new  field  of  measure- 
ments of  dimensions  comparable  with  the  wave-length  of 
X-rays;  viz,,  atomic  dimensions. 

We  are  accustomed  to  think  of  the  measurement  of  things 
too  large  or  too  small  to  see  and  touch  as  necessarily  very 
rough  and  approximate.  It  is  somewhat  of  a  surprise,  there- 
fore, to  note  that  the  only  measurements  accurate  enough  to 
justify  the  use  of  eight-place  logarithm  tables  are  those  of 
astronomy;  that  wave-lengths  of  light  are  measured  to  1  part 
in  10,000,000;  and  that  the  wave-length  of  X-rays,  and  by 
means  of  it,  the  distances  between  atoms,  can  easily  be  meas- 
ured to  1  part  in  100,000. 

The  spectrum  of  X-rays  is  exactly  like  that  of  visible  light, 
except  that  the  wave-lengths  are  shorter.  It  consists  (Fig.  8) 
of  bright  lines  superimposed  upon  a  continuous  spectrum.  The 
wave-lengths  in  the  X-ray  spectrum  depend  upon  anode 
material  and  voltage  (Figs.  9  and  10)  in  exactly  the  same  way 
that  the  wave  lengths  in  the  visible  spectrum  depend  upon 
incandescent  material  and  temperature.  And  just  as  it  is 
possible  to  obtain  nearly  monochromatic  yellow  light  by  putting 
salt  in  a  flame  under  proper  conditions,  so  by  running  an  X-ray 

8,  (For  a  more  detailed  description,  see  Hull,  Phya,  Rev,  10, 666, 1917.) 
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tube  with  proper  anode  at  the  right  voltage,  it  iB  possible  to 
produce  a  single  wave  length  (line)  of  such  great  intcnaty  that 
practically  all  the  rest  of  the  spectrum  can  be  absorbed  by  a 
properly  chosen  filter,  leaving  nearly  monochromatic  X-rays.* 
Fig.  10.    It  ia  in  this  way  that  the  monochromatic  X-rays  used 
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in  these  measurements  are  produced.  The  measurements 
described  in  this  paper  were  made  with  X-rays  from  a  molybde- 
num target  operated  at  28,000  volts  constant  potential,  and  the 
filter  was  powdered  crystal  zircon,  pressed,  with  a  small  amount 
of  organic  binder,  into  a  sheet  }i  mm.  thick.  The  resulting 
spectrum,  before  and  after  filtering,  is  shown  in  Fig.  10. 
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Calibration  of  Measuring  Rod.  The  measurement  of  the 
wave-length  of  X-rays  in  centimeters  was  part  of  the  pioneer 
work  of  the  Braggs»,  and  was  accomplished  in  the  same  way 
as  the  measurement  of  visible  wave-lengths,  viz.  by  the  use  of 
a  "grating"  of  known  dimensions.  It  is  interlocked  with  the 
deta^nination  of  crystal  structure,  since  the  graling  used  was 
a  crystal,  and  it  was  necessary,  before  urang  it,  to  determine  its 
dimensions,  i.  e.  the  arrangement  of  atoms  in  it.  The  proce- 
dure was  that  of  experiment  and  trial.  Preliminary  experi- 
ments indicated  that  the  atoms  of  rock  salt  were  in  mmple 
cubic  arrangement,  as  shown  in  Fig.  4.  Assuming  this  to  be  so, 
a  rock  salt  crystal  was  used  as  a  grating  to  measure  tentatively 
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the  wave-lengths  of  X-rays.  These  wave-lengths  were  then 
used  for  further  investigation  of  the  arrangement  of  atoms  in 
rock  salt  and  other  crystals,  and  were  checked  and  corrected 
by  successive  trials. 

The  method  of  using  the  rock-salt  grating  is  shown  in  Fig.  11. 
The  crystal  C,  with  its  planes  of  atoms  perpendicular  to  the 
paper,  is  placed  in  the  path  of  a  narrow  beam  of  X-rays.  Each 
plane  of  atoms  acts  like  a  muror  and  reflects  a  small  fraction 
of  the  rays.  The  reflection  is  a  maximum  when'  the  reflected 
waves  from  all  the  planes  (many  million,  except  in  the  case  of 
very  long  wave-lengths)  are  in  phase,  that  is,  when  each  is  an 

9.  X-Rctys  and  Crystal  Structure,  p.  110). 
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exact  wave-length  or  some  whole  number  of  wave-lengths 
behind  the  next.    It  is  easy  to  show  that  this  is  true  only  when 


n  X  =  2  d  sin  0 


(1) 


where  n  is  an  integer,  usually  1  or  2,  X  the  wave-length,  d  the 
distance  between  planes  of  atoms,  and  0  the  angle  of  incidence 
(i  in  Fig.  11)  of  the  rays  on  the  crystal". 

The  determination  of  X  requires,  therefore,  the  knowledge 
of  n,  d,  and  0.  6  can  be  observed,  and  the  orders,  n,  counted. 
d  must  be  determined  initially  from  the  physical  properties  of 


Fig.  11 — X-RAY  Spectrometer 


the  crystal,  viz.  its  density,  atomic  weights,  and  arrangement  of 
atoms.    This  can  best  be  explained  by  an  example: 

The  atoms  of  rock  salt  are  in  simple  cubic  arrangement,  as 
shown  in  Fig.  4.  There  is  one  atom  to  each  cube,  as  can  be 
seen  by  displacing  all  the  atoms  in  Fig.  4  in  the  direction  of  a 
cube  diagonal  to  the  cube  centers.  Half  of  the  cubes  contain 
sodium  atoms  and  half  chlorine  atoms.  The  average  weight 
per  cube  is  the  mean  of  the  weights  of  one  sodium  and  one 

10.  (It  will  be  observed  that  in  order  to  measure  different  wave-lengtha 
the  crystal  must  be  rotated.  This  is  the  only  essential  difference  between 
the  crystal  grating  and  the  ordinary  diffraction  grating). 
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chlorine  atom,  viz.  1/2  (38 .  00  X  10-«^  fif  +58 .  50  X 10""  g)  =  48.25 
X  10"24  g.    Hence  the  density,  which  is  the  wdght  per  unit 

48  25  X  10~" 
volume,  must  be  equal  to  — ■ — ^j where  d  is  the  side 

of  one  of  the  small  cubes  (Fig.  4,)  i.  e.,  the  distance  between 
planes  of  atoms  parallel  to  the  cube  faces.  This  value  of 
density  must  be  the  same  as  that  obtained  by  measuring  and 
weighing  a  large  crystal,  viz.  2 .  174.    This  gives 


=  ^ 


48.25  X  10 _^  ^  2^g^^  ^  10-«cm.  =  2.814  A» 


2.174 


The  wave-length  of  the  "a^doublet"  of  molybdenum  deter- 
mined in  this  way  is  0.712  A^»,  This  is  the  "measuring  rod" 
with  which  the  following  measurements  were  made. 

Interpretation  of  Powder  Photographs.  The  X-ray  wave 
length  thus  calibrated  can  now  be  used  to  measure  atomic 
distances.  If,  in  the  arrangement  shown  in  Fig.  11,  the  X-rays 
are  made  monochromatic  by  proper  voltage  and  filtering,  then 
as  the  crystal  is  rotated  a  series  of  intense  reflections  will  be 
observed  at  angles  whose  sines  are  in  the  ratio  1:2:3  etc., 
corresponding  to  successive  integral  values  of  n  in  Eq.  1,  If  a 
new  face  is  ground  on  the  crystal  at  an  angle  to  the  first,  and 
exposed  to  the  rays  in  the  same  way,  another  similar  series  of 
reflections  will  be  observed,  at  different  angles,  corresponding 
to  the  different  distance  (d,  Eq.  1)  between  the  planes  parallel 
to  this  new  face.  The  process  of  analyzing  a  crystal  consists 
in  observing  these  reflections  from  as  many  faces  as  possible, 
and  calculating,  from  Eq.  1,  the  distance  between  the  planes 
parallel  to  them.  When  a  single  crystal  is  used  this  requires 
many  observations.  The  work  is  greatly  simplified  by  using  a 
powder,  in  which  all  possible  orientations  are  represented  at  the 
same  time  by  one  or  more  of  the  tiny  crystals,  and  photo- 
graphing simultaneously  the  reflections  from  all  these  little 
crystals.  This  is  the  method  sketched  in  Fig.  6,  and  gives 
patterns  of  lines  like  Figs.  7, 12  and  13.     It  might  be  expected 


o 

L-8 


12.  (The  Angstrom  unit  or  A  ( =  1Q~*  cm.)  which  is  the  standard  unit  for 
expressing  wave-lengths  of  visible  light,  is  even  better  suited  to  atomic 
and  X-ray  measurements.     It  will  be  used  or  assumed  in  all  the  following 

discussions). 

13.  (The  best  measurements  of  X-ray  wave-lengths  are  those  of 
Siegbahn,  Verh,  Deut.  Phys.  Gea.  13,300,  1917. 
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that  the  number  of  lines  in  these  patterns  would  be  infinite, 
since  there  is  an  infinite  number  of  different  possible  planes  in 
any  crystal.  The  reflections  from  most  of  these  planes,  how- 
ever, come  at  angles  whose  sines  are  greater  than  1,  (as  is  evi- 
dent from  equation  (1)  when  d  is  small)  and  which  therefore  do 
not  exist." 

The  analysis  of  these  photographs  is  very  simple  in  the  case 
of  simple  substances,  like  pure  metals.  It  consists  in  finding, 
by  successive  trials,  an  arrangement  of  atoms  whose  planar 
spacings,  beginning  with  the  planes  farthest  apart  and  skipping 
none,  exactly  fit  the  observed  pattern  of  lines.  The  calculation 
of  the  planar  spacings  for  all  the  important  planes  is  not 
difficult,  and  with  simple  substances  but  few  trials  are  necessary. 

The  method  of  calculation  can  best  be  shown  by  an  example. 
Potassium  chloride  (Fig.  13)  gives  the  simplest  pattern  of  lines 
yet  observed.  It  consists  of  6  regularly  spaced  lines,  then  a 
slight  gap,  then  7  more  lines,  (these  may  not  all  show  in  the 
reproduction),  then  another  gap,  etc.  The  best  first  guess  is 
that  a  simple  pattern  like  this  corresponds  to  a  simple  cubic 
arrangement.  The  equation  of  solid  geometry  for  the  distance 
between  planes  in  a  simple  cubic  arrangement  is 

d  =  ^°  (2) 

y/h^  +  *«  +  P 

where  h,  k,  and  I  are  any  whole  numbers,  and  do  is  the  side  of 
the  cube.  The  numbers  h,  k,  I,  are  called  the  "indices"  of  the 
planes.  They  are  the  reciprocals  of  the  intercepts  of  the  planes 
on  the  X,  Y  and  Z  axes  respectively. 

The  largest  distance  is  — =  ,  corresponding  to  the  "indices" 

1,  0,  0,  This  gives  the  line  nearest  the  center  (see  equation  1). 
The  next  line  is  — ?=  ,  given  by  the  planes  whose  indices  are 

1, 1, 0.    Then  follow  -^  (1, 1, 1),  -^  (2, 0. 0),  -%  (2. 1, 0), 

and — ^{2,  1,  1).    The  next  line,  corresponding  to— ^, 

14.  (This  means  physically  that  there  is  no  angle  of  incidence  large 
enough  to  make  the  reflection  from  one  plane  a  whole  wave-length 
behind  that  from  the  one  in  front.) 
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should  be  lacking,  as  there  are  no  three  numbers  the  sum  of 
whose  squares  is  7.    Fig.  13  shows  that  it  is  actually  lacking. 

Then  follow,  in  regular  order,  -4l  (2,  2,  0),  4l  (2,  2,  1  and 

(3.  1,  1),  -^  (2,  2,  2), 


3, 

"•  "'•  vh 

=  (3, 

1.0), 

(3. 

,  2,  0)  and  - 

do 
V14 

:(3,2 

CO] 

rresDonding 

to- 

do 

Vll  V12  ^  ^    ^    ''  V13 


(3,  2,  1).    Then  should  come  another  gap, 


,  which  cannot  be  formed  from  the 

V15 

squares  of  three  integers.  These  regularities  can  be  better  seen 
in  some  of  the  other  patterns  in  Fig.  13,  which  are  exactly 
similar  to  that  of  K  CI,  except  that  there  are  extra  lines  just 
in  front  of  the  first,  third  and  fifth  regular  lines  due  to  the 
difference  in  weight  and  size  of  the  two  atoms  of  which  these 
salts  are  composed.  The  calculation  of  the  positions  of  these 
extra  lines  is  also  simple,  but  will  not  be  given  here. 

Returning  to  K  CI,  the  positions  of  the  lines  calculated  from 
the  above  series  of  inverse  square  roots  are  found  to  coincide 
exactly  with  the  observed  pattern.  This  proves  that  the 
first  guess  was  correct,  that  the  atoms  of  K  CI  are  in  simple 
cubic  arrangement.  The  result  can  be  independently  checked, 
however,  by  the  density.  For  the  average  mass  in  each  of  the 
small  cubes,  divided  by  the  volume  of  the  cube,  must  equal  the 
known  density  of  the  substance.    The  value  of  do  calculated 

from  equation  1  is  3 .  13  A.    The  average  weight  of  potassium 

and    chlorine    atoms    is    H  (64.5  +  58.5)  X  10-**  fif  =  61.5 

61  5  X  10"** 
X  10-24  g.    This  gives  for  the  density  /q  iq  y  l0-8^8   =  2 . 01 

which  checks  with  the  standard  value  within  experimental 
error^. 

One  more  example  may  be  briefly  cited,  viz.  molybdenum. 
Its  pattern  is  shown  in  Fig.  10.  It  is  found  that  the  series  of 
lines  which  corresponds  to  a  simple  cubic  arrangement  does  not 
fit  this  pattern.    We  therefore  try  a  centered  cubic  arrange- 

15.     (These  X-ray  determinations  of  density  are,  in  general,  much  more  ■ 

accurate  than  the  standard  ones).  y 
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ment.  The  distance  between  planes  in  this  arrangement  is 
calculated  in  the  same  way  as  for  the  simple  cubic  arrangement, 
except  that  half  the  lines,  viz.  those  due  to  planes  the  sum  of 
whose  indices  are  odd,  are  lacking".  Hence  the  relative 
spacings,  beginning  with  the  largest,  should  be  proportional  to 

111 

^=  ,  — = ,  — =^  ,  etc.    The  series  of  lines  calculated  from 


V2    \/4    ve 

these  values  is  found  to  fit  the  pattern  of  Fig.^10  exactly.  The 
length  do  of  the  side  of  the  small  cube  is  3 .  15  A.  As  check,  the 
density  of  molybdeniun  should  be  equal  to  the  weight  of  two 
molybdenum  atoms  divided  by  the  volume  of  the  cube,  i.  e. 

=  10 . 0  which  is  the  correct  value. 


(3.15  XlO-»)» 

Discussion  op  Results 

The  results  of  the  measurements  that  have  been  made  thus 
far  are  siunmarized  in  the  following  table.  The  list  includes 
most  of  the  metals  that  are  easily  obtainable  in  pure  form,  a 
few  simple  salts,  as  examples,  and  the  non-metallic  elements 
carbon  (diamond)  and  silicon.  The  structure  of  graphite  is 
less  simple,  and  will  not  be  discussed  here.  It  apparently 
contains  a  mixture  of  forms,  produced  by  gliding,  like  cobalt. 

The  case  of  cobalt  is  exceptional.  A  finely  powdered  sample 
produced  by  rapid  electrolysis  showed  a  mixture  of  cubic  and 
hexagonal  close-packing  in  nearly  equal  ratio.  After  annealing 
in  hydrogen  at  600  deg.  this  sample  showed  only  the  cubic 
form.  Another  sample,  composed  of  filings  from  pure  cast 
metal,  showed  slight  traces  of  hexagonal  packing,  due  presum- 
ably to  straining.  It  is  probable  that  the  other  cubic  close- 
packed  metals  will  behave  in  a  similar  manner,  but  this  ques- 
tion has  not  been  studied. 

Physical  Properties 

Many  of  the  physical  properties  of  these  substances  are 
evident  from  an  inspection  of  their  atomic  models.  Thus  it  is 
clear  why  metals  with  face-centered  cubic  arrangement  are 
soft  and  ductile.  For  in  the  planes  parallel  to  the  octahedral 
faces  (the  bevelled  face  in  Fig.  Ic)  the  atoms  are  so  closely 
packed  that  one  plane  can  slip  over  the  one  beneath  it  without 

16.     (For  details  and  theory  see  Hull,  Phya.  Rev.  10,673,  1917). 
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appreciable  elevation,  and  without  the  atoms  getting  away 
from  each  other's  attractive  influence.  There  are  4  sets  of 
planes  parallel  to  which  this  easy  gliding  can  take  place,  viz. 
those  parallel  to  the  4  pairs  of  octahedral  faces,  and  in  each 
of  these  planes  there  are  three  equally  easy'  directions.  There 
is  no  direction,  therefore,  in  which  a  shearing  force  can  be  ap- 


' 

TABLE  I. 

Substance 

Arrangement  of  atoms 

Length  of  side 
of  elementary 

cube  in 

• 

Angstroms 

Distance  be- 
tween nearest 
atoms  (between 

'  centers)  in 

• 

Angstroms 

Aluminum 

m 

Face-Centered  Cubic 

(Cubic  close-packed) 
i< 

M 
M 
M 
U 
M 
M 

Centered  Cubic 

M 
l« 
M 
U 
M 

Hexagonal  (close-packed) 

u 
ii 

M 

Tetrahedral 

u 

Simple  Cubic 

M 
M 
(« 
M 
i< 
l< 

4.05 
3.57 
3.54 
3.60 
3.82 
4.06 
4.02 
4.08 
4.92 
3.50 
4.30 
2.91 
2.86 
3.15 
3.15 

•   • 
«    • 

3.56 
5.43 
2.01 
2.81 
2.81 
2.69 
3.13 
3.55 
2.11 

2.86 
2.52 
2.50 
2.54 
2.70 
2.87 
2.85 
2.88 
3.48 
3.03 
3.72 
2.52 
2.48 
2.73 
2.73 
3.22 
2.84 
3.15 
2.53 
1.54 
2.35 
2.01 
2.81 
2.81 
2.69 
3.13 
3.55 
2.11 

Cobalt 

Nickel 

Copper 

Rhodium 

Silver 

Platinum 

Gold 

Lead 

Lithium •.», 

Sodium 

Chromium 

Iron 

Molybdenum 

Tunffsten 

Macnesium 

Zinc 

Cadmium 

Cobalt 

Diamond 

Silicon 

Lithium  Fluoride 

Sodium  Fluoride 

Sodium  Chloride 

Potassium  Fluoride 

Potassium  Chloride 

Potassium  Iodide 

Magnesium  Oxide 

plied  to  a  crystal  of  this  kind  which  would  not  be  nearly  parallel 
to  one  of  these  directions  of  easy  gliding. 

If  the  shear  takes  place  in  such  uniform  manner  that  each 
plane  moves  over  the  one  beneath  it  by  the  same  amount,  the 
original  arrangement  is  reproduced  and  no  strain  results.  If 
only  the  alternate  planes  move,  however,  the  arrangement 
becomes  hexagonal  close  packing.    This  is  evident  from  Figs- 
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14a  and-  14b,  which  give  the  arrangement  of  atoms  in  succesave 
close-packed  planes  (dottedand  heavy  lines  resp.}  in  the  cubic 
and  hexagonal  arrangements  respectively.  In  the  cubic  ar- 
rangement there  are  three  different  positions  of  the  planes, 
and  these  alternate  1,  2,  3,  1,  2,  3,  etc.  In  the  hexagonal  ar- 
rangement there  are  only  two  positions,  which  alternate,  1,  2, 
1,  2,  etc. 
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In  the  hexagonal  close  packed  arrangement  there  is  only 
one  set  of  planes  parallel  to  which  this  easy  gliding  can  take 
place.  Hence  a  strained  metal  becomes  less  ductile  to  the 
extent  to  which  its  arrangement  becomes  hexagonal,  and  it 
is  evident  that  mechanical  working  should  produce  hardening. 

The  centered  cubic  metals  should  be  somewhat  less  ductile 
than  the  face-centered.     For  the  atoms  hold  on  to  each  othw 
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at  only  8  points  (Fig.  15)  instead  of  12,  and  are  more  likely  to 
move  out  of  each  other's  influence  during  gliding. 

In  the  tetrahedral  arrangement  gliding  is  impossible.  The 
atoms  touch  at  only  4  points,  and  in  jumping  from  one  stable 
position  to  the  next  would  entirely  lose  hold  of  each  other. 
This  firm  interlocking  also  accounts  for  the  hardness  of  these 
substances. 

In  the  case  of  the  simple  cubic  salts  (Fig.  16)  gliding  is  im- 


Fio.  14b — Arrangement  of  Atoms  in  Successive  Planes  in  Hexago- 
nal Close  Packing 


possible  for  a  different  reason.  The  atoms  are  held  together 
by  electrostatic  attraction,  each  ion  being  surrounded  by  six 
oppositely  charged  ions.  The  process  of  gliding  would  bring 
ions  of  like  charge  opposite  each  other,  with  resulting  repulsion 
and  cleavage. 

The  electrical  conductivity  of  metals  depends  on  the  ability 
of  electrons  to  move  between  the  atoms.  A  discussion  of  this 
without  a  better  knowledge  of  the  shape  and  size  of  atoms 
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would  be  premature.  It  can  be  seen  at  once,  however,  why 
"ion  salts"  and  crystals  like  diamond  are  non-conductors.  In 
each  of  these  arrangements  the  electrons  in  the  atoms  are  in 
complete  groups  of  eight,  which  is  such  a  stable  arrangement*^ 
that  large  forces  (corresponding  to  the  dielectric  strength  of 
the  substance)  are  required  to  remove  them.  The  atoms  of 
metals,  on  the  other  hand,  have  extra  electrons  which  cannot 
find  places  in  these  stable  shells,  and  are  therefore  "free"  to 
move  from  atom  to  atom. 

Magnetic  Properties 

It  is  well  known  that  the  ferro-magnetism  of  iron  is  not  a 
specific  property  of  the  iron  atom,  since  iron  in  solution  and 
in  compounds  is  in  general  not  ferro-magnetic.  The  ferro- 
magnetism  must  depend,  not  only  on  the  nature  of  the  atoms, 


Fu;.  16 — Packing  of  Atoms  in  Simple  Cubic  Arrangement 

but  on  the  way  in  which  they  are  grouped  together.  It  might 
have  been  anticipated,  therefore,  that  the  cause  of  ferro- 
magnetism  was  the  centered  cubic  arrangement  which  is  charac- 
teristic of  iron.  A  glance  at  Table  I  shows  that  this  is  not 
the  case.  Nickel,  which  is  ferro-magnetic,  has  a  face-centered 
cubic  arrangement,  like  copper.  Cobalt  is  sometimes  like 
copper,  sometimes  like  magnesium.  Neither  is  like  iron. 
Chromium,  on  the  other  hand,  which  is  not  ferromagnetic, 
has  a  centered  cubic  arrangement  like  iron.  Manganese  has 
not  yet  been  obtained  sufficiently  pure  to  determine  its  ar- 
rangement. It  is  evident,  therefore,  that  while  the  centered 
cubic  arrangement  may  be  favorable  to  ferro-magnetism,  and 
may  make  iron  more  magnetic  than  cobalt  and  nickel,  it  is 
not  the  principal  or  even  an  essential  factor. 

17.     LangmuiTp  1.  c.  p.  873. 
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THE  PIEZO  ELECTRIC  EFFECT  IN  THE  COMPOSITE 

ROCHELLE  SALT  CRYSTAL 


BY  A.  MCL.  NICX)LSON 


*  Abstract  of  Paper 

The  piezo-eleotrio  effect  is  an  eleotro-elastic  property  of  oertain 
crystals.  It  involves  the  conversion  of  mechanical  into  electrical 
eners^y,  and  also  the  converse  effect.  The  pai>er  presents  an 
exposition  of  piezo-electricity  and  related  optical  and  other 
properties  belonging  to  these  crystals.  Special  reference  is  made 
to  the  Gomparativelv  large  piezo-electno  effects  produced  by 
Roehelle  salt  crystals  prepared  so  as  to  develop  the  natural 
composiie  structure  usually  associated  with  substances  which 
have  been  exposed  to  shearing  stresses,  in  this  case  during 
growth. 

Applications  of  the  piezo-eleotric  effect  in  such  crystals  to  the 
transmission  and  reception  of  sound,  are  described  and  demon- 
strated. 
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Introduction 

THE  expression  piezo  is  derived  from  the  Greek  "piezein 
signifying  "to  press."  It  relates  to  a  variety  of  solids 
in  the  crystalline  state,  which  when  subjected  to  change 
of  stress,  become  electrically  polarized.  Rezo-electricity,  in- 
cludes, also,  the  reciprocal  phenomenon,  whereby  the  same 
crystals  dilate  or  produce  stresses  when  electric  charges  are 
applied  to  certain  regions. 

Before  discussing  the  piezo-electric  effect  in  these  crystals 
it  will  be  of  assistance  to  consider  first  the  optical  activity 
exhibited  by  the  same  class  of  crystals. 

For  example,  quartz  and  Roehelle  salt  are  piezo-electrically 
active  for  the  same  reason  that  they  are  optically  active,  viz., 
on  account  of  their  individual  structural  asymmetry. 

Optical  Properties 

It  has  been  known  for  a  century  that  certain^  substances 

either  in  the  crystalline  state  or  in  solution  possess  the  power 

of  rotating  the  plane  of  polarization  of  polarized  light.    This 

property  in  the  case  of  the  crystaP  as  also  of  the  solution*  was 

1.  Biot.  Soci^t^  Philomathique,  Deo.  1815. 

2.  Herschel,  Roy.  Soc.  1820. 

3.  Pasteur,  Soc.  Chim.p  Paris.  1860. 
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shown  to  be  due  to  structural  asymmetry.  In  crystallography 
this  asymmetry  is  called  hemihedrism  and  refers  either  to  an 
asymmetric  arrangement  of  perfectly  regular  and  superposable 
molecules  or  to  an  arrangement  of  molecules  which  are  them- 
selves asynmietric.  For  example,  quartz  and  other  minerals, 
so  far  as  we  know,  do  not  possess  molecular  asymmetry;  yet, 
on  account  of  the  right  or  left  handed  spiral  or  other  unsym- 
metrical  structure  prevailing  with  respect  to  a  principal  axis, 
the  optical  plane  of  polarization  is  correspondingly  rotated. 
When,  however,  the  mineral  structure  or  crystal  is  destroyed, 
the  optical  activity  vanishes.  On  the  other  hand,  the  asym- 
metry of  the  active  organic  crystals  and  solutions  resides  in 
the  molecule,  and  although  optical  activity  is  not  always 
strongly  manifest  in  the  organic  crystal,  it  is  generally  strong 
in  the  solution.*  Each  asymmetric  molecule  takes  part  in  the 
rotation.  Inasmuch  as  the  molecule  may  offer  a  dextro-  or 
laevo-rotation  of  light,  there  must  necessarily  be  an  asym- 
metric configuration  or  "stereo-isomerism."  This  is  generally 
described  as  a  molecular  structure  having  that  kind  of  asym- 
metry that  is  not  superposable  with  its  reflected  image, 
possessing  neither  a  center  nor  a  plane  of  symmetry.  In 
stereo-chemistry  these  so-called  "enantiomorphic"  isomers  are 
of  three  kinds:  right  forms,  left  forms,  and  a  mixture  of  both 
types  which  is  optically  inactive. 

A  crystal  may  be  built  up  of  one  or  other  of  the  two  active 
isomers — of  dextro  or  laevo  asymmetry.  The  corresponding 
hemihedral  crystal  is  identified  by  certain  simple  marks — 
such  as  a  particular  face  which  slopes  one  way  in  one  isomer, 
and  the  opposite  way  in  the  other,  and  by  other  indications. 
These  two  classes  of  crystal  differ  only  in  their  geometry — as, 
for  example,  the  right  hand  differs  from  the  left  hand,  or  as  a 
right  asymmetric  tetrahedron  differs  from  a  left  asymmetric 
tetrahedron.  Chemically,  their  composition  and  properties 
are  identical.* 

Let  us  consider  some  other  properties  in  these  optical  isomers. 
The  crystal  form  is  only  one  of  many  ways  in  which  the 
symmetrical  or  asymmetrical  arrangement  of  the  molecules 

4.  L.  PasteuTp  loc.  cit.,  Nernst,  Theoretical  Chemistry,  p.  88,  1911. 
and  J.  M.  Jaeger:  Lectures  on  the  Principle  of  Symmetry,  ch.  7.,  1917. 

5.  The  identity  persists  so  far  as  they  are  brought  together  with  bodies 
which  belong  to  the  symmetrical  class  of  compounds.  But  if  the  isomers 
are  associated  with  other  bodies  of  the  asymmetrical  class  of  compounds 
then  their  properties  differ. 
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may  be  manifested.  We  know  that  certain  physical  prop- 
erties determined  by  the  arrangement  of  atoms  and  molecules 
within  the  molecule,  according  as  this  is  symmetrical  or  asym- 
metrical, may  disclose  themselves  in  the  crystal;'  as  for  example, 
by  selective  action  of  solvents  on  faces,  which  are  attacked 
in  different  ways,  by  unequal  development  of  the  faces,  by 
electrical  polarization  due  to  temperature  and  stresses,  etc. 
If  we  operate  by  various  physical  contrivances  on  certain  faces 
or  edges  of  a  hemihedral  crystal,  then  we  find  a  non-uniformity 
in  the  resulting  reaction.  The  etched  figures  on  the  prism 
will  be  unsymmetrical,  or  different  in  character  on  the  basal 
planes.  Changes  in  temperature  and  variations  in  applied 
stress  will  develop  so-called  analogous  and  antilogous  electric 
poles  on  the  crystal,  and  impressed  electric  charges  will  produce 
dilatation  or  deformation. 

PlEZO-ELECTRICrrY 

The  same  mechanism  in  asymmetric  crystals  which  operates 
on  polarized  light  to  rotate  the  plane  of  polarization  also  causes 
a  liberation  of  electricity  when  the  crystal  is  elastically  de- 
formed, or  a  dilatation  when  electric  potentials  are  applied. 
This  mechanism  is  found  only  in  the  hemihedral  or  hemi- 
morphous  crystal  possessing  either  the  asymmetric  arrangement 
of  the  atoms  in  the  organic  molecule  such  as  the  tartrates, 
sugar,  camphor,  etc.,  or  the  asymmetric  arrangement  of  the 
mineral  molecules  such  as  quartz,  tourmaline,  boracite,  etc. 

H.  and  P.  Curie^  discovered  the  effect  and  proved  that  it 
was  due  directly  to  stresses,  or  changes  in  the  applied  stresses, 
rather  than  to  changes  in  temperature  which,  under  the  name 
of  "pyro-electricity,"  had  been  known  previously  as  a  thermal- 
electric  property  of  these  asymmetric  crystals;  and  the  name 
"piezo^-electrique"  was  applied.  Examples  of  piezo-electric 
crystals  of  the  mineral  type  are  shown  in  the  accompanying 
Figs.  1,  2  and  3, — respectively  tourmaline,  boracite,  and 
quartz.  Tourmaline  is  hemimorphic  hemihedral  characterized 
by  having  liniterminal  crystallographic  poles,  associated  with 
different  faces  of  the  crystal,  only  alternate  ones  of  which  are 
developed.  Boracite  is  a  hemihedral  tetra-hedron  and  rep- 
resents a  cube  having  four  alternate  comers  truncated.    It  will 

6.  W.  H.  and  W.  L.  Bragg,  X-Ray  and  Crystal  Structure,  p.  146., 
J.  M.  Jaeger,  loc.  cit.,  p.  256. 

7.  Compt.  Rend.  91,  pp.  294  and  383,  1880. 

8.  Hankel,  Abh.  saechs.  Ges.  d.  Wiss.    12,  1881. 
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be  noted  that  in  both  crystals  there  are  so-called  "sharp" 
and  "blunt"  ends  or  comers.*  If  the  crystals  be  pressed 
between  sharp  and  blunt  poles,  definite  electrification  of  these 
poles  results.  If  the  pressure  be  released  a  reversal  of  the 
electric  charge  takes  place. 

Fig.  3  shows  a  well-known  application  of  the  piezo-electric 
effect  for  measuring  small  charges.    A  blade  of  quartz  cut 
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Fig.  1 — Tourmaline 


Fig.  2 — ^Boracite 
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Fig.  3 — Indicating  PRErAiiATiox  of  thk  Quartz  "PiEzo-FiLECTRiQUB" 

from  the  crystal  as  shown,  and  coated  on  its  sides  with  tinfoil, 
or  silvered,  liberates  electricity,  the  quantity  of  which  depends 
directly  on  the  weight  which  is  suspended  from  it.  An  elec- 
trification, with  the  object,  for  example,  of  balancing  a  charge 
on  an  electroscope,  may  thus  be  accurately  "weighted  out." 
This  method  is  used  in  the  measurement  of  ionization  currents. 

■  t  -  I       ■      ■■■!  ■■       -  ^^  ■  I       ■  ■  .MB!  ■      ■■!■  ■■        ■  ^-  ■      ^^^— 

*See_S.iP.  Thompson,  Elementary  Lessons,  in  E*eotrioity  and  Magne- 
^iam,  Lesson  VIL 
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The  relation  between  pressure  and  electric  charge  for  the  quartz 
"piezo-electrique"  as  given  by  Curie  is: 

where  Q  =  charge  in  e.  s.  u. 

K  =  piezo-electric  constant  =  0.0677  e.  s.  u.  per  kg. 
L  =  length  of  coating  (normal  to  crystallographic  axis) 
I  =  thickness  between  coatings 
P  =  weight  attached  in  kilograms. 

Amongst  many  mineral  and  organic  crystals  investigated 
by  the  Curies  and  others,®  the  crystal  of  Rochelle  salt  was  found 
to  have  the  largest  piezo-electric  constant,  approximately, 
10  e.  s.  u.  per  kg.  Apparently  no  other  cl^stal  has  yet  been 
found  to  approach  the  piezo  activity  of  Rochelle  salt,  par- 
cularly  if  the  crystal  is  carefully  chosen  and  specially  prepared. 

In  1917  the  Research  Laboratories  of  the  American  Tele- 
phone and  Telegraph  and  the  Western  Electric  Companies 
commenced  an  inquiry  into  application  of  the  piezo-electric 
effect.  As  an  outcome  of  some  of  the  experimental  work 
performed,  it  was  foimd  that  Rochelle  salt  was  susceptible  of 
greatly  increased  piezo-electric  activity.  An  absolute  electric 
charge  of  200  e.  s.  u.  per  kilogram  pressure  has  been  obtained, 
resulting  in  potentials  as  high  as  500  volts  and  alternating 
currents  measurable  through  a  thermocouple.  Acoustic  tones 
from  a  crystal  may  be  heard  at  a  distance  of  several  himdred 
feet. 

Briefly,  the  increased  efficiency  is  brought  about  by  the 
following  conditions: 

1.  Selection  of  particular  habit  of  growth. 

2.  Desiccation. 

3.  Development  of  the  crystal  into  a  "composite"  polar 
structure. 

4.  Application  of  static  compression. 

5.  Use  of  electric  poles  normal  to  each  other.  , 

6.  Application  of  torque. 

Crystallography  of  "Composite"  Rochelle  Salt 

Rochelle  salt*®  crystals  are  grown  from  perfect  nuclei  pos- 
sessing definite  form.    The  nuclei  or  seed  crystals  are  inmiersed 

9.  See  F.  Pockels,  Winkelmann's  Handb.  d.  Phys.,  Bd.  IV.,  p.  783. 

10.  The  ohemioal  formula  for  sodium  potassium  tartrate  is 
NaKC4H406.4H20. 
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in  a  saturated  solution"  of  the  salt  under  identical  conditions 
of  temperature.  The  crystals  may  be  grown  by  the  application 
of  temperature  gradients  to  saturated  solutions  of  the  salt  or 
by  concentration  brought  about  by  its  evaporation.  The 
former  producing  a  specific  type  under  conditions  of  rapid 
cooling,  is  the  method  preferred.  The  crystal  may  be 
grown  in  the  mother  liquor  by  suspending  from  a  clean 
thread,  by  flotation  on  mercury,  or  by  being  laid  on  a  glass 


plate.     The  two  last  are  the  methods  practised  in  our  labora- 
tory. 

Fig.  4  indicates  the  general  appearance  of  the  Rochelle  salt" 
crystal.     It  belongs  to  the  rhombic  system  is  hemihedral  and 

11.  A  density  of  1.33  at  .W  dpg.  rent,  may  be  oAnvenieotly  used  and 
the  eeiid  crystal,  previuusly  warmed  tu  the  same  temperature  as  the 
liquor,  should  be  applied  between  38  deg.  ceat.  and  35  de;^.  cent. 

12.  This  drawing  was  made  by  Prof.  H.  P.  Wbitlock  of  the  Amer.  Mus. 
ot  Nat.  Hbt.,  New  York. 
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enantiomorphic.  It  may  be  possible  to  classify  crystal  sur- 
aces  into  two  systems  of  surfaces  or  zones  which  are  normal 
to  each  other.  One  system  of  zones  will  be  parallel  with  the 
principal  or  crystallographic  axis  c  and  will  therefore  engirdle 
the  crystal.  The  other  system  of  zones  will  comprise  the  two 
basal  planes  parallel  with  the  a  and  b  axes.  In  Fig.  4  the 
zones  are  shown,  respectively,  as  vertical  and  horizontal  sur- 
faces. In  practise,  the  crystals  are  grown  with  the  c  and  6 
axes  in  a  horizontal  position  as  is  indicated  in  Fig.  5.  This 
growth  forms  a  particular  habit,  becoming  dominant  along  the 
c  and  b  axes  while  development  along  the  a  axis  upwards 
is  partially  suppressed  on  account  of  the  supersaturation  and 
consequent  gradation  in  density  of  the  liquor."  In  obtaining 
seed  crystals,  generally  from  a  previous  cropping,  we  select 
those  in  which  growth  along  the  6  axis  is  fully  developed  (which 
happens  when  the  seed  nucleus  grows  with  its  c  and  b  axes 
horizontal).  These  seeds  are  square,  or  nearly  so,  signifying 
that  the  growth  along  the  b  axis  is  about  as  great  as,  or  greater 
than,  that  along  the  caxis." 

On  cooling  rapidly,^*  the  seed  crystal  will  increase  in  size  from 
a  few  grams  weight  to  50  or  500  grams,  according  to  the  volume 
and  density  of  liquor  used.  An  average  size  of  crystal  weighs 
100  grams  sud  its  axial  Imgths  approximate  65mm.  x  65mm.  x 
25mm.  Tlie  ittustntioB,*  Fig.  6,  shows  a  group  of  crystals  of 
the  habif  4|i^yed  in  Fig.  5. 

Crystals  thus  rapidly  grown  develop  internal  stresses  pro- 
ducing strain  regions  sjnnmetrical  with  the  principal  axis. 
The  crystal  acquires  a  composite  structure^^  closely  related  to 
the  surface  zones  referred  to  and  to  the  electric  poles  to  be 
developed  as  now  explained. 

At  each  end  of  the  seed-nucleus  and  along  its  c  axis,  there 
appears  a  pyramid,  not  always  very  pronounced  in  the  nucleus 
itself,  which  forms  a  polar  terminal, — see  illustration  of  crystal 

13.  Lameth^rie, — La  Qenese  de  la  Science  des  Cristaux,  H.  Metzg:er, 
p.  187,  1918. 

14.  The  thiokness  of  the  crystal  along  its  a  axis  is  generally  0.4  b;  this 
dimension  is  a  fimotion  of  the  density  and  head  of  mother  liquor. 

15.  Growth  occurs  p|j|Mlipally  during  the  first  12  hours,  although  it 
may  be  continued  several  days  during  the  condition  of  supersaturation. 

17.  Mineralogists  have  termed  this  an  "hour-glass"  marking.  The  phe- 
nomenon is  probably  due  to  shearing  strains  set  up  by  relatively  greater 
contractions  of  the  outer  crystal  envelops  during  cooling. 
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No.  612  in  Fig.  7.  The  pyramids  consist  of  stratifications 
normal  to  the  c  axis  and  to  the  rest  of  the  crystal  structure, 
the  stratification  of  which  ordinarily  is  parallel  with  that  axis. 
The  electrical  performance  of  the  crystal  suggests  that  the 
crystal  molecules  throughout  the  pyramidal  regions  diuing 
growth  are  subject  to  forces  which  turn  them,  in  planes  con- 
taining the  principal  axis,  through  a  right  angle.  This  is  in- 
dicated by  the  fact  that  the  crystal,  after  subsequent  treatment 
tending  to  render  more  pronounced  these  pyramid  terminations, 
develops  its  electric  poles^  in  accordance  with  the  two  systems 
of  zones  previously  described.  The  poles  are  accordingly  at 
right  angles  to  each  other.  This  signifies  that  the  pyramids 
are  electrically  (+)  when  the  rest  of  the  crystal  structure  is 
(— )  and  vice  versa.  The  effect  becomes  very  pronoimced 
when  the  crystal  is  subsequently  dried  in  alcohol  and  baked 
in  an  oven." 

Polarity  and  Crystal  Dressing 

The  raw  untreated  crystal  possesses  a  large  number  of  local 
electric  poles  which  are  variable  in  their  piezo-electric  effect. 
The  desiccated  crystal  is  much  stronger^^  in  effect  and  its 
electric  poles  are  readily  found  in  the  case  of  the  composite 
crystal  to  reside  as  described  on  the  crystal  surfaces  with  cor- 
responding signs,  respectively,  in  the  "vertical"  and  "horizon- 
tal" zones. 

In  order  to  prepare  the  crystal  for  piezo-electric  use  its 
exposed  parts  are  painted  over  with  special  varnish,  after  which 
waxed  tinfoil  electrodes  are  pressed  on  the  crystal  as  shown  in 
Fig.  8. 

Sensitive  Regions  of  Crystal 

Referring  again  to  Fig.  8,  it  will  be  noticed  that  both  basal 
planes  of  the  crystal  are  filed  slightly  concave  in  the  central 
or  polar  regions.  The  object  of  this  is  to  render  salient  the 
four  diagonal  "horns"  or  ends  of  the  basal  planes,  which  are 
found  to  be  the  mechanically  sensitive  regions  of  the  crystal, 
that  is  to  say,  the  extreme  outer  edges  parallel  with  the  h 
axis.     For  the  purpose  of  obtaining  an  efficient  piezo-electric 

18.  Plus  and  minus  corresponding  with  the  conventional  analogous 
and  antilogous  poles. 

19.  90  per  cent  alcohol,  24  hours;  100  per  cent  alcohol  6  hours,  oven  at 
40  deg.  cent,  several  days.     This  treatment  reduces  the  weight  3  per  cent. 

20.  Aging  and  compression  also  improved  them  slowly. 
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action  at  least  two  of  these  four  diagonal  comers  at  one  crystal- 
lographic  pole  of  the  crystal  should  be  perfect  and  flawless, 
apart  from  the  composite  structure  already  described. 

Applied  Stresses 

Analysis  of  the  direction  of  applied  stresses  to  the  sensitive 
regions  described  has  shown  that,  for  the  composite  stnjcture, 
a  twisting  couple  about  the  principal  axis  excites  the  great- 
est electrification  of  the  crystal  electrodes.  This  may  be 
proved  in  a  variety  of  ways  both  for  small  and  large  piezo- 
electric effects.  One  method  is  to  prepare  a  crystal  by  dropping 
its  poles  into  a  pool  of  melted  fusible  metal,^^  and  after  the 


^ 


Fig.  8 — Dressing  of  Crystal  for  the  Girdle  Orientation 


crystal  has  recovered  from  a  temporary  paralysis  due  to  the 
heating  by  the  metal,  connections  should  be  made  between  the 
girdle  pole  and  the  metal  poles  with  high  impedance  receivers, 
which  will  cause  sounds  produced  by  rubbing  of  the  metal 
poles  to  be  audible.  It  will  be  found  that  strokes  applied  so 
as  to  rotate  the  crystal  about  its  c  axis  will  sound  much  louder 
in  the  receivers  than  strokes  applied  in  other  directions. 
Similarly  the  electric  charge  measured  by  twisting  the  crystal 

21.  Wood's  alloy  fuses  at  71  deg.  cent,  and  Litowitz's  at  55  deg.  cent. 
The  crystal  should  be  introduced  just  before  the  metal  sets  into  a  thin 
plate. 
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is  much  greater  than  the  charges  produced  by  applying  axial 
or  diagonal  forces,  not  only  for  very  reduced  torques  and 
stresses  but  for  magnitudes  of  stress  approaching  saturation 
in  the  case  of  the  axial  and  diagonal  forces.  In  the  case  of 
torsion  there  exists  the  advantage  of  the  couple,  since  the  force 
is  applied  at  a  given  radius  from  the  polar  axis. 

{ay  The  Case  of  a  Slab  Cut  from  a  Crystal.  It  may  be  men- 
tioned here  that  a  plate  cut  from  a  homogeneous^^  crystal,  with 
its  electric  or  a  axis  properly  normal  to  the  c  and  6  axis,  is  al- 
most insensitive  to  torsion,  while  the  application  of  "diagonal" 
stresses,  in  accordance  with  Voigt's*^  crystallographic  classifica- 
tion, does  not  in  our  practise  appear  to  be  as  successful  even 
when  comparatively  clear  slabs  of  crystals  are  used.  This 
may  be  due  partly  to  the  weakening  of  the  structure  in  slicing, 
with  consequent  introduction  of  small  flaws,  and  also  to  the 
difficulty  of  preventing  in  some  degree  the  formation  of  the 
composite  structure.  When  the  uncut,  whole  crystal  is  twisted 
about  its  c  axis  so  as  to  bend  the  a  and  b  axes,  component  strains 
are  developed  along  the  principal  axis  as  along  the  diagonals; 
but  in  view  of  the  specific  form  of  crystal  and  corresponding 
composite  structure  (of  girdle  and  pyramids)  presented,  the 
resulting  stresses  set  up  in  the  crystal  axes  are  very  complex. 
Obviously  the  electric  field  is  not  as  simple  as  in  the  case  of 
two  parallel  plate  electrodes. 

(6)  Axial  Compression.  On  plotting  the  relation  between 
electric  potential  and  various  loads  applied  to  the  composite 
crystal,  so  as  to  bear  on  the  diagonals  simultaneously,  we  obtain 
the  approximately  quadratic  curves  shown  in  Fig.  9.  We 
have,  accordingly,  found  it  advantageous  to  apply  permanent 
static  compression  and  obtain  thereby  greatly  increased  effect. 
In  view  of  the  fact  that  the  pressure  is  applied  to  the  crystal 
at  the  limited  areas  of  the  top  and  bottom  comers,  in  the  basal 
planes,  the  crystallographic  axis  being  vertical,  it  has  been  f  oimd 
that  over  a  large  range  of  size  of  crystal,  namely  between  about 
30  and  500  grams,  the  value  of  the  applied  static  pressure  for 
maximum  change  in  slope  corresponds  to  an  absolute  force 
of  approximately  15  kg.  At  this  point  in  the  curve  a  variation 
of  applied  axial  force  of  1  kg.  will  produce  in  a  good  crystal  a 
difference  of  potential  of  8  volts.    Beyond  this  point,  as  shown 

22.  A  crystal  will  be  practically  isomorphic  throughout  when  permitted 
to  grow  at  a  very  slow  and  uniform  rate. 

23.  W.  Voigt  and  E.  Riecke,  Wied.  Ann.,  45.  1892. 
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in  Fig.  10**,  the  curve  becomes  less  steep.  The  static  pres- 
sure may  be  applied  permanently  to  the  crystal  without  ap- 
parent fatigue. 

For  experimental  purposes  the  crystal  is  inserted  in  an  ap- 
pliance we  call  a  "spring  compressor"  which  compresses  the 
crystal  to  the  necessary  degree  and  at  the  same  time  forms 


AO^ 


Fig.  9 — Axial  Compression  Applied  to  "Horns"  of  Crystal  (Aver- 
age Cross  Section  10   cm.2) 

a  convenient  method  for  electrically  connecting  the  polar 
electrodes,  previously  described.  The  spring  compressors  com- 
prise a  pair  of  aluminium  disks  which  are  held  together  by 
stout  steel  springs.  These  are  attached  by  eye-rivets  to  the 
lower  plate,  while  thumb  screws  tighten  the  springs  after  a 
crystal  has  been  inserted.    The  number  of  turns  of  the  thumb 

24.  The  curves  in  Fig.  10  show  slight  hysteresis  or  fatigue  near  saturation 
values  of  the  potential.  It  will  be  observed  that  the  deflections  at  relecue 
of  load  are  much  greater  than  those  for  compression,  probably  for  the 
reason  that  the  action  may  be  effected  more  rapidly  and  consequently 
with  less  loss  of  charge.  The  cycle  of  operations  taken  for  obtaining  the 
curve  is  as  follows:  a  load  is  applied  to  the  crystal  so  as  to  compress  it; 
this  gives  a  deflection  on  the  electrometer  of  a  value,  say  &;  then  the  crystal 
is  short-circuited  for  a  moment  so  as  to  give  zero  reading  again  (shown 
at  c).  On  i*eleasing  the  load  the  greater  deflection  d  is  produced  (which 
is  in  the  opposite  sense  when  the  instrument  is  polarized,  as  indicated  in 
the  upper  curve).  An  adaptation  of  the  Riehle  machine  was  used  for 
large  values  of  compression. 
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screw  may  serve  conveniently  as  a  gage  of  the  degree  of  com- 
pression after  calibration. 

Fig.  12  shows  the  spring  compressor  with  the  dressed  crystal 
properly  balanced  within.  Any  part  of  the  metal  structure 
will  readily  convey  jars  and  vibrations  to  the  crystal.  If  this 
crystal  transmitter  be  laid  on  a  large  sheet  of  paper  and  re- 
ceivers be  applied  to  the  electrodes,  it  is  quite  easy  to  hear  gentle 
rubbing  of  the  paper  and  the  tick  of  a  watch — transmitted 
along  the  paper  to  the  crystal. 

Torsion.  As  previously  described  in  connection  with  the 
fusible  metal  poles  melted  on  the  crystal,  it  is  probable  that  the 
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Fig.  10 — Applied  Axial  Stress 

compressed  crystal  receives  and  responds  to  components  of 
forces  in  both  axial  and  twisting  senses.  In  order  to  analyze 
the  relative  motions  of  the  crystal  it  was  simple  to  reverse  the 
crystal  action  by  applying  alternating  potentials  at  different 
frequencies  to  the  crystal  electrodes  and  discover  from  the 
various  modes  of  vibration  of  the  crystal  their  relative  magni- 
tudes. A  special  microphone  was  applied  to  a  crystal  pole 
in  various  positions  with  respect  to  the  crystallographic  axis. 
The  microphone,  being  in  a  local  battery  circuit  operating  a 
thermocouple,  was  actuated  by  the  dilating  crystal  when  the 
constant  alternating  potentials  of  various  frequencies  were 
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applied.  The  resulting  measurements  showed  conclusively 
that  the  crystal  twisted  or  moved  the  microphone  button  to 
the  greatest  degree  when  the  axis  of  the  microphone  was  at- 
tached tangentially  to  one  of  the  crystal  poles.  The  motions 
applied  to  the  microphone  were  much  smaller  when  they  were 
diagonal  or  axial  in  character. 

The  relation  between  piezo-electric  charge  and  torsion  is 
linear,  see  Fig.  11,  and  is  given  by 

Q  =  KFL 
where  K  =  100  for  several  crystals  tried 
L  =  lever  arm  in  cm. 
F  =  force  in  kg. 
Q  =  charge  in  e.s.  imits. 
The  constant  for  potential  in  volts,  produced  under  similar 
conditions,  is:  K'  =  12. 


CHBRee. 
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Fia.  11 — Electric  Charge  Obtained 
WHEN  Torsion  is  Applied  to  Crystal 


Fig.  12 — Assembly 


A  right-hand  torque  determines  the  same  electrification  that 
is  produced  by  subjecting  the  crystal  to  tension.  If  steady 
potehtials  be  applied  to  the  crystal  the  torsion  is  given,  in 
one  case,  by 

10-5  radian  per  volt  (crystal  7  cm.  long) 
while  expansion  parallel  with  the  crystallographic  axis  (c)  is 
2  X  10"^  cm.  per  cm.  of  length,  per  volt  and  is  independent  of 
applied  pressure. 

(d)  Alternating  Effects.  If  we  apply  rapidly  alternating 
stresses  to  a  crystal  it  becomes  a  generator  of  electrical  oscilla- 
tions, and  we  may  use  it  as  a  detector  of  vibrations  of  sound,  agi- 
tating it,  for  example,  by  a  watch  tick,  a  moving  phonograph 
record,  or  by  speech.  If  the  crystal  be  tapped,  an  oscillogram 
shows  that  such  an  impact  generates  trains  of  etectxvr^c>'9jc^a^^ 
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ti(His  peculiar  tx>  the  resonant  frequencies  of  the  crystal.  Fig. 
16  indicates  trains  of  oscillations  of  300  and  2000  cycles.  A 
crystal  used  on  a  phonograph  record  will  generate  several  volts, 
with  sufficient  power  to  operate  a  very  large  number  of  tele- 
phone* receivers. 


Applications 
Again,  to  operate  effectively,  the  crystal  applied  to  the  phono- 
graph is  subjected  to  torsional  vibrations.     Figs.  13  and  14 
indicate  the  housings  employed.     By  means  of  the  usual  needle, 

25.  Aa  many  as  200  n^cuivers  of  12,000  uhiiis  t-ach  have  htmn  operated 
from  one  crystal. 
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vibrations  are  imparted  to  a  light  plate  under  the  crystal. 
In  Pig.  13  elastic  bands  are  shown  compressing  the  plate  against 
the  crystal. 

Sound  Transmitter  and  Receiver.  Since,  with  these  composite 
crystals,  a  given  force  produces  the  greater  piezo  effect  when  it 
is  applied  in  such  a  way  as  to  twist  the  crystal  about  its  princi- 
pal axis,  and  conversely,  an  applied  electrical  force  produces 
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the  maximum  mechanical  response  in  the  form  of  twisting 
motion,  it  is  apparent  that  whether  we  are  interested  in  pro- 
ducing electrical  or  mechanical  results  from  the  crystal,  the 
diaphragms  should  be  so  attached  as  to  make  maximum  use 
of  the  torsional  effect. 

One  way  is  to  apply  a  cylindrical  diaphragm  so  as  to  surround 
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the  crystal,  and  to  attach  the  cylinder  by  means  of  rings  to 
the  compressor  plates  which  hold  the  crystal.  By  screwing 
one  of  the  rings  over  one  of  the  compressor  plates  the  cylindrical 
diaphragm  itself  becomes  twisted  into  diagonal  corrugations 
stretched  tightly  across  the  crystal  poles.  This  construction  is 
shown  in  Figs.  15  and  20.  The  "diaphragm"  should  be  made 
of  a  strong  light  material  like  gold  beaters'  skin  or  bond  paper. 
When  aerial  tones  strike  the  diaphragm  and  actuate  the  crystal 
as  a  transmitter,  the  resulting  vibrations  reach  the  crystal 
body  through  the  poles  and  corresponding  electrical  oscilla- 
tions are  generated.    Singing  against  the  diaphragm,   near 
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Pig.  18 — Circuit  for  Crystal  Transmitter 


resonance  (the  fundamental  may  lie  between  200  and  600 
cycles),  will  generate  about  20  microamperes  of  current  or 
produce  15  volts  on  open  circuit.  A  clap  of  the  hands  near 
the  transmitter  will  excite  trains  of  oscillations  in  an  oscillo- 
graph similar  to  the  curves  shown  in  Fig.  16.  A  circuit  for 
the  crystal  transmitter  is  indicated  in  Fig.  18. 

If  the  crystal  receiver,  as  described,  is  used  with  a  micro- 
phone transmitter  and  the  potential  is  stepped  up  to  the 
crystal  with  a  transformer  as  is  shown  in  Fig.  19,  very  strong 
acoustic  effects  may  be  obtained  as  a  "loud  speaking"  crsrstal 
receiver. 

Crystal  Transmitter  and  Receiver  in  a  Line.  With  the  aid  of 
the  vacuum  tube  amplifier,  good  transmission  of  speech  and 
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music  may  be  obtained  by  using  the  piezo  crystal  at  both  ends 
of  a  line  as  sole  transmitting  and  receiving  apparatus. 

Some  Electrical  Constants.  The  crystal  may  be  considered 
as  a  leaky  condenser  having  a  shunt  resistance  in  excess  of  100 
megohms.  The  ohmic  resistance  is  several  times  greater  from 
the  analogous  to  the  antilogous  pole  than  it  is  in  the  reverse 
sense.    There  is  however,  no  evidencejof  current  rectification. 
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The  capacity  varies  with  size  and  may  be  as  great  as  lO-^  F. 
in  a  good  crystal.  It  is  usually  10"»  F.  Its  impedance  at 
acoustic  frequencies  varies  from  100,000  ohms  to  300,000  ohms. 
Fig.  17  indicates  that  these  properties  depend  on  the  frequency 
of  the  applied  e.  m.  f .  From  these  curves**  the  so  called  "mo- 
tional impedance"  of  the  crystal  may  be  found  in  the  same 
manner  as  the  motional  impedance  of  an  ordinary  telephone 

26.  Made  by  E.  T.  Hoch,  Physical  Lab.,  Western  Electric  Co. 
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receiver^'  which,  as  is  well  known,  gives  the  resonance  character- 
istics of  the  diaphragm.  In  the  case  of  the  crystal  the  dilata- 
tions reach  certain  maxima  where  the  applied  frequency  of  the 
alternating  potentials  (of  constant  amplitude)  coincides  with  an 
elastic  natural  frequency  of  the  crystal.  At  this  frequency, 
the  apparent  capacity  passes  through  the  greatest  change  in 
value — ^from  maximum  to  zero  or  negative  values,  depending  on 
whether  the  crystal  response,  as  a  generator,  is  in  phase  or  out 
of  phase  with  the  applied  potentials.  The  impedance  decreases 
to  a  minimum  at  resonance  as  indicated  by  the  conductance 
curve. 

Conclusion 

Curie's  law  that  the  electric  charge  generated  by  a  crystal 
is,  for  a  given  force,  independent  of  the  absolute  dimensions 
seems  to  be  well  borne  out  in  the  variety  of  crystals  discussed 
in  this  paper.  There  is  a  best  shape  of  crystal  which  we  have 
already  considered. 

Very  small  crystals  are  generally  less  effectively  rendered 
"composite"  on  account  of  the  relative  absence  of  the  stresses 
during  shorter  growing  periods.  Hence  they  are  generally 
less  efficient  when  mounted  as  described.  On  the  other  hand, 
properly  articulated  crystals  may  be  grown  far  larger  than  is 
necessary  for  effective  operation.  For  example.  Fig.  7  shows 
an  illustration  of  a  crystal  weighing  910  grams.  It  is  difficult 
however,  to  prevent  cracks  and  flaws  taking  place  before  the 
large  crystal  has  been  effectively  cured  and  hardened. 

It  has  been  noticed  that  the  crystals  improve  with  time, 
particularly  when  they  are  first  made.  Moreover,  when  they 
are  paralyzed  by  being  baked  at  too  high  a  temperature  they 
slowly  recover.  Drying  out  is  probably  one  cause  of  this 
improvement  and  also  realignment  or  recrystallization  of  dis- 
turbed portions  of  the  crystal  molecules. 

It  may  be  said  that  the  crystals,  after  several  months'  use, 
or  non-use,  reach  a  very  steady  operating  condition  in  which 
their  activity  seems  to  be  permanent,  especially  for  alternating 
effects  where  weather  conditions  have  negligible  action  on 
sensitive  apparatus  associated  with  the  crystal.  As  regards 
general  efficiency  and  comparison  with  known  apparatus  like 
the  carbon  transmitter  and  the  electromagnetic  receiver,  it 
should  be  said  that  the  microphone  is  more  sensitive  than  the 

27.  A.  E.  Kennelly,  Proc.  Amer.  Acad.  Sc.,  1912  p.  114. 
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crystal  transmitter.  The  microphone  with  its  associated  local 
battery  gives  out  more  energy  than  it  receives  and  hence  con- 
stitutes an  amplifier;  while  the  crystal  at  present  translates 
only  that  portion  of  the  energy  applied  to  it  which  affects  its 
mechanically  sensitive  regions. 

The  efficiency  of  the  crystal  receiver  compares  favorably 
with  the  electromagnetic  receiver  for  equivalent  resonance 
conditions.  It  is  not  improbable  that  other  crystals  of  or- 
ganic constitution,  i.  e.,  of  molecular Bsymmetry ,  maybe  found 
whose  piezo  electric  activity  may  exceed  that  of  Rochelle 
salt.  So  far  very  little  is  known  about  the  electrical  and  me- 
chanical orientations  set  up  in  other  crystals  capable  of  de- 
veloping the  composite  structure  described  in  this  paper. 
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be  noted  that  in  both  crystals  there  are  so-called  "sharp" 
and  "blunt"  ends  or  comers.*  If  the  crystals  be  pressed 
between  sharp  and  blunt  poles,  definite  electrification  of  these 
poles  results.  If  the  pressure  be  released  a  reversal  of  the 
electric  charge  takes  place. 

Fig.  3  shows  a  well-known  application  of  the  piezo-electric 
effect  for  measuring  small  charges.    A  blade  of  quartz  cut 
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Fig.  1 — Tourmaline 


Fig.  2 — Boracitb 
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Fig.  3 — Indicating  Prktakation  of  thk  Quartz  "Piezo-Klectrique** 

from  the  crystal  as  shown,  and  coated  on  its  sides  with  tinfoil, 
or  silvered,  liberates  electricity,  the  quantity  of  which  depends 
directly  on  the  weight  which  is  suspended  from  it.  An  elec- 
trification, with  the  object,  for  example,  of  balancing  a  charge 
on  an  electroscope,  may  thus  be  accurately  "weighted  out." 
This  method  is  used  in  the  measurement  of  ionization  currents. 

*Se€_S.lP.  Thompson,  Elementary  Lessons,  in  Electricity  and  Magne- 
tjsm,  Lesson  VIL 
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The  relation  between  pressure  and  electric  charge  for  the  quartz 
"piezo-electrique"  as  given  by-  Curie  is: 

where  Q  =  charge  in  e,  s.  u. 

K  =  piezo-electric  constant  =  0.0677  e.  s.  u.  per  kg. 
L  =  length  of  coating  (normal  to  crystallographic  axis) 
I  =  thickness  between  coatings 
P  =  weight  attached  in  kilograms. 

Amongst  many  mineral  and  organic  crystals  investigated 
by  the  Curies  and  others,^  the  crystal  of  Rochelle  salt  was  found 
to  have  the  largest  piezo-electric  constant,  approximately, 
10  e.  s.  u.  per  kg.  Apparently  no  other  crystal  has  yet  been 
found  to  approach  the  piezo  activity  of  Rochelle  salt,  par- 
cularly  if  the  crystal  is  carefully  chosen  and  specially  prepared. 

In  1917  the  Research  Laboratories  of  the  American  Tele- 
phone and  Telegraph  and  the  Western  Electric  Companies 
commenced  an  inquiry  into  application  of  the  piezo-electric 
effect.  As  an  outcome  of  some  of  the  experimental  work 
performed,  it  was  found  that  Rochelle  salt  was  susceptible  of 
greatly  increased  piezo-electric  activity.  An  absolute  electric 
charge  of  200  e.  s.  u.  per  kilogram  pressure  has  been  obtained, 
resulting  in  potentials  as  high  as  500  volts  and  alternating 
currents  measurable  through  a  thermocouple.  Acoustic  tones 
from  a  crystal  may  be  heard  at  a  distance  of  several  hundred 
feet. 

Briefly,  the  increased  efficiency  is  brought  about  by  the 
following  conditions: 

1.  Selection  of  particular  habit  of  growth. 

2.  Desiccation. 

3.  Development  of  the  crystal  into  a  "composite"  polar 
structure. 

4.  Application  of  static  compression. 

5.  Use  of  electric  poles  normal  to  each  other. 

6.  Application  of  torque. 

Crystallography  of  "Composite"  Rochelle  Salt 

Rochelle  salt^°  crystals  are  grown  from  perfect  nuclei  pos- 
sessing definite  form.    The  nuclei  or  seed  crystals  are  immersed 

9.  See  F.  Pockels.  Winkelmann's  Handb.  d.  Phys.,  Bd.  IV.,  p.  783. 

10.  The  chemical  formula  for  sodium  potassium  tartrate  is 
NaKC4H406.4HjO. 
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in  a  saturated  solution"  of  the  salt  under  identical  conditions 
of  temperature.  The  crystals  may  be  grown  by  the  application 
of  temperature  gradients  to  saturated  solutions  of  the  salt  or 
by  concentration  brought  about  by  its  evaporation.  The 
former  producing  a  specific  type  under  conditions  of  rapid 
cooling,  is  the  method  preferred.  The  crystal  may  be 
grown  in  the  mother  liquor  by  suspending  from  a  clean 
thread,  by  flotation  on  mercury,  or  by  being  laid  on  a  glass 


um 


?5i 


plate.     The  two  last  are  the  methods  practised  in  our  labora- 
tory. 

Fig.  4  indicates  the  general  appearance  of  the  Rochelle  salt" 
crystal.     It  belongs  to  the  rhombic  system  is  hemihedral  and 

11.  A  density  of  1.33  at  ."jO  lifg.  cenl.  may  bo  <!(iiiveniently  used  and 
the  seed  (iryatal,  prpviously  warmed  to  the  name  t«inperature  U  th« 
liquor,  sbould  be  applied  Imtwpen  38  dex.  cint.  and  .15  dey.  lent. 

12.  Thia  drawing  was  made  by  Prof.  H.  P.  Whitlook  of  the  Amer.  Mui. 
of  Nat.  Hiat.,  New  Y<M'k. 
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enantiomorphic.  It  may  be  possible  to  classify  crystal  sur- 
aces  into  two  systems  of  surfaces  or  zones  which  are  normal 
to  each  other.  One  system  of  zones  will  be  parallel  with  the 
principal  or  crystallographic  axis  c  and  will  therefore  engirdle 
the  crsrstal.  The  other  system  of  zones  will  comprise  the  two 
basal  planes  parallel  with  the  a  and  b  axes.  In  Fig.  4  the 
zones  are  shown,  respectively,  as  vertical  and  horizontal  sur- 
faces. In  practise,  the  crystals  are  grown  with  the  c  and  6 
axes  in  a  horizontal  position  as  is  indicated  in  Fig.  5.  This 
growth  forms  a  particular  habit,  becoming  dominant  along  the 
c  and  b  axes  while  development  along  the  a  axis  upwards 
is  partially  suppressed  on  account  of  the  supersaturation  and 
consequent  gradation  in  density  of  the  liquor.^'  In  obtaining 
seed  crystals,  generally  from  a  previous  cropping,  we  select 
those  in  which  growth  along  the  b  axis  is  fully  developed  (which 
happens  when  the  seed  nucleus  grows  with  its  c  and  b  axes 
horizontal).  These  seeds  are  square,  or  nearly  so,  signifying 
that  the  growth  along  the  b  axis  is  about  as  great  as,  or  greater 
than,  that  along  the  c  axis." 

On  cooling  rapidly,^*  the  seed  crystal  will  increase  in  size  from 
a  few  grams  weight  to  50  or  500  grams,  according  to  the  volume 
and  density  of  liquor  used*  An  average  size  of  crystal  weighs 
100  grams  snd  its  axial  Imgths  approximate  65mm.  x  65mm.  x 
25mm.  The  iUustratioA,  Ilg.  6,  shows  a  group  of  crystals  of 
the  habitf^lH^yed  in  Fig.  5. 

Crystals  thus  rapidly  grown  develop  internal  stresses  pro- 
ducing strain  regions  sjrmmetrical  with  the  principal  axis. 
The  crystal  acquires  a  composite  structure*^  closely  related  to 
the  surface  zones  referred  to  and  to  the  electric  poles  to  be 
developed  as  now  explained. 

At  each  end  of  the  seed-nucleus  and  along  its  c  axis,  there 
appears  a  pyramid,  not  always  very  pronounced  in  the  nucleus 
itself,  which  forms  a  polar  terminal, — see  illustration  of  crystal 

13.  Lameth^rie, — La  Genese  de  la  Science  des  Cristaux,  H.  Metzger, 
p.  187,  1918. 

14.  The  tfaioknets  of  the  crystal  along  its  a  axis  is  generally  0.4  b;  this 
dimension  is  a  fimetion  of  the  density  and  head  of  mother  liquor. 

15.  Growth  occurs  p(j||i|fsipally  during  the  first  12  hours,  although  it 
may  be  continued  several  days  during  the  condition  of  supersaturation. 

17.  Mineralogists  have  termed  this  an  "hour-glass*'  marking.  The  phe- 
nomenon is  probably  due  to  shearing  strains  set  up  by  relatively  greater 
contraotions  of  the  outer  crystal  envelops  during  cooling. 
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No.  612  in  Fig.  7.  The  p3rraini(ls  consist  of  stratifications 
normal  to  the  c  axis  and  to  the  rest  of  the  crystal  structure, 
the  stratification  of  which  ordinarily  is  parallel  with  that  axis. 
The  electrical  performance  of  the  crystal  suggests  that  the 
crystal  molecules  throughout  the  pyramidal  regions  during 
growth  are  subject  to  forces  which  tiun  them,  in  planes  con- 
taining the  principal  axis,  through  a  right  angle.  This  is  in- 
dicated by  the  fact  that  the  crystal,  after  subsequent  treatment 
tending  to  render  more  pronounced  these  pyramid  terminations, 
develops  its  electric  poles^  in  accordance  with  the  two  systems 
of  zones  previously  described.  The  poles  are  accordingly  at 
right  angles  to  each  other.  This  signifies  that  the  pyramids 
are  electrically  (+)  when  the  rest  of  the  crystal  structure  is 
(— )  and  vice  versa.  The  effect  becomes  very  pronounced 
when  the  crystal  is  subsequently  dried  in  alcohol  and  baked 
in  an  oven." 

Polarity  and  Crystal  Dressing 

The  raw  untreated  crystal  possesses  a  large  number  of  local 
electric  poles  which  are  variable  in  their  piezo-electric  effect. 
The  desiccated  crystal  is  much  stronger^®  in  effect  and  its 
electric  poles  are  readily  found  in  the  case  of  the  composite 
crystal  to  reside  as  described  on  the  crystal  surfaces  with  cor- 
responding signs,  respectively,  in  the  "vertical"  and  "horizon- 
tal" zones. 

In  order  to  prepare  the  crystal  for  piezo-electric  use  its 
exposed  parts  are  painted  over  with  special  varnish,  after  which 
waxed  tinfoil  electrodes  are  pressed  on  the  crystal  as  shown  in 
Fig.  8. 

Sensitive  Regions  of  Crystal 

Referring  again  to  Fig.  8,  it  will  be  noticed  that  both  basal 
planes  of  the  crystal  are  filed  slightly  concave  in  the  central 
or  polar  regions.  The  object  of  this  is  to  render  salient  the 
four  diagonal  "horns"  or  ends  of  the  basal  planes,  which  are 
found  to  be  the  mechanically  sensitive  regions  of  the  crystal, 
that  is  to  say,  the  extreme  outer  edges  parallel  with  the  6 
axis.    For  the  purpose  of  obtaining  an  efficient  piezo-electric 

18.  Plus  and  minus  corresponding  with  the  conventional  analogous 
and  antilogous  poles. 

19.  90  per  cent  alcohol,  24  hours;  100  per  cent  alcohol  6  hours,  oven  at 
40  deg.  cent,  several  days.     This  treatment  reduces  the  weight  3  per  cent. 

20.  Aging  and  compression  also  improved  them  slowly. 
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Discussion  on  "The  Positions  of  Atoms  in  Metals"  (Hull)' 
"PiEzo  Electric  Effect"  (Nicolson)  and  "The  OsaL- 
lating  Vacuum  Tube  as  a  Generator  of  Electric 
Power"  (Morecroft  and  Friis),  Philadelphia,  Pa., 
October  10, 1919. 

John  B.  Taylor :  Referring  to  "The  Arrangement  of  Atoms 
in  Metals.  I  do  not  know  how  the  author  bridged  the  gap 
between  quartz  and  those  things  which  we  know  are  regular 
crystals  built  by  regular  structure,  and  common  carbon  metals 
of  electrical  engineering,  such  as  copper,  iron,  etc.  There  are 
crystals  in  iron,  and  if  it  is  polished  a  little  it  will  show  the 
crystals  at  1/100  diameters,  etc.  This  is  true  of  the  other 
metals.  We  also  have  a  copper  wire  soft  drawn  without  much 
crystal  structure,  and  so  I  think  the  author  might  leave  a 
little  clearer  idea  in  our  minds  regarding  these  things,  and 
perhaps  some  others,  if  he  went  over  once  this  gap  between 
the  regular  structure  metals,  of  which  the  bona  fide  crystals 
are  the  best  examples,  and  a  metal  which  is  annealed  and 
worKed  with  its  own  crystal  structure.  I  would  like  to  ask 
if  Dr.  Hull  has  any  insight  into  the  arrangement  of  the  atoms 
or  whether  there  is  anything  you  might  call  arrangement. 

Referring  to  the  paper  on  "Piezo  Electric  Effect",  I  would 
ask  if  we  can  be  given  more  numerical  information,  that  is, 
what  are  the  limits  in  pressure — the  chemical  pressiu'e  and 
electrical  pressure.  Can  we  supply  several  himdred  thousand 
volts  to  one  of  these  crystals  and  break  it  up  by  mechanical 
force?  In  general,  how  far  can  we  go,  and  what  other  metals, 
oth^*  than  the  Rochelle  salt  may  be  available  for  this  work? 
Quartz  has  been  mentioned,  but  apparently  it  has  some  ad- 
vantages and  disadvantages  over  the  Rochelle  salt. 

Has  Dr.  Hull,  in  examining  the  structure  of  these  metals, 
examined  them  under  conditions  of  stress?  For  instance,  if 
he  takes  the  structure  of  Rochelle  salt  and  stresses  it  by  mechan- 
ical means,  which  is  the  same  in  this  case,  does  he  find  a  dif- 
ferent arrangement  by  the  atoms  moving  up,  which  can  be 
shown  on  the  photographic  film? 

A.  W,  Hull:  I  will  answer  Mr.  Taylor's  question  about 
the  relation  between  metals  and  substances  commonly  known 
as  crystalline.  In  the  materials  we  have  investigated  so  far, 
the  only  substance  that  is  not  almost  completely  crystalline 
is  glass.  Metals,  even  ductile  metals  like  copper,  seem  to  be 
perfectly  crystalline.  There  are  cases  in  which  alloying 
interferes  with  the  perfection  of  crystal  structure.  Those 
have  not  yet  been  examined.  Except  for  that,  metals  are 
fully  as  well  crystalized  and  as  perfectly  crystalline  as  so- 
called  crystalline  substances  like  quartz.  Metals  may,  how- 
ever, be  distorted  by  gliding.  In  the  case  of  quartz,  as  in  rock 
salt,  which  I  si>e[;ially  mentioned,  such  gliding  is  impossible. 
It  always  results  in  cleavage. 
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John  B.  Taylor:  The  structure  of  metals  permits  no 
cleavage  plane? 

A.  W.  Hull :  Yes,  they  have  a  cleavage  plane,  but  the  metals 
cleave  much  less  easily.  The  planes  are  able  to  glide  over 
each  other. 

John  B.  Taylor:  After  the  gliding,  the  arrangement  of  the 
atoms  still  remains  the  same? 

A.  W.  Hull:  They  still  remain  in  close  contact  and  the 
crystal  is  fairly  i>erfect. 

In  answer  to  the  second  question,  very  little  work  has  been 
done  in  that  direction  and  I  have  nothing  to  offer  in  connection 
with  metals  imder  stress. 

A.  M.  Nicolson:  As  regards  sound  emitters  of  quartz 
and  Rochelle  salt,  if  due  consideration  is  made  of  the  differing 
modes  of  vibration  and  forms  of  housing,  a  rough  comparison 
would  indicate  that  Rochelle  salt  crystals  operate  more  effec- 
tively at  500  volts  than  crystals  of  quartz  at  10,000  volts. 

If  high  alternating  potentials  be  applied  to  a  Rochelle  salt 
crystal  it  will  eventually  become  warm  by  dielectric  hysteresis, 
or  otherwise,  and  cease  temporarily  to  exhibit  the  piezo-electric 
effect.  It  may  be  operated  continuously,  however,  with  a 
total  energy  dissipation,  of  about  one-half  watt.  This  repre- 
sents a  current  of  a  few  milliamperes  through  a  crystal  of 
average  capacity  of  1000  micro-microfarads. 

John  B.  Taylor:  You  speak  of  it  as  capacity  rather  than 
resistance. 

A.  M.  Nicolson:  The  direct-current  resistance  of  the 
crystal  is  very  high,  in  fact,  hundreds  of  megohms  when  desic- 
cated. Energy  dissipated  in  the  crystal  dielectric  is  principally 
due  to  hysteresis  and  mechanical  friction.  This  is  represented 
electrically  as  alternating-current  resistance,  expressible  either 
as  shunt  or  equivalent  series  resistance.  The  magnitudes  are 
respectively  of  the  order  of  300,000  ohms  and  100,000  ohms. 

E.  A.  Eckhardt:  Are  clear  crystals  better  than  cloudy 
crystals? 

A.  M.  Ncolson:  Clear  or  slowly  grown  crystals  do  not 
generally  display  the  composite  structure,  or  hour-glass  mark- 
ing, which  we  have  made  use  of.  The  cloudiness  develops  on 
the  surfaces  during  desiccation,  otherwise  the  composite  crvstal 
should  be  quite  clear  throughout,  except  where  the  polar  planes 
of  cleavage  definitely  articulate  the  crystal  into  its  composite 
nature.  We  have  found  that  crystals  having  a  development 
of  this  composite  structure,  with  its  corresponding  orthogonal 
electric  poles,  give  piezo-electric  effects  which  exceed  the 
effects  with  the  slowly  grown  crystals  offering  the  usual  parallel 
electric  poles  and  corresponding  straight  electric  field.  It 
should  be  said,  however,  that  advantage  was  taken  of  the  fact 
that  the  composite  crystal  could  be  obtained  by  rapid  growth, 
while  the  so-called  clear  crystals  are  difficult  to  develop  and 
entail  several  weeks'  growth  under  thermostatic  control.    But 
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such  carefully  grown  crystals  as  we  were  able  to  develop  do 
not  seem  to  offer  the  same  electrical  and  mechanical  qualities 
which  are  readily  obtainable  in  the  composite  type  of  crystal. 
J.  P.  Wintringham :  It  might  be  well  to  give  a  few  minutes 
to  the  essential  crystallographic  elements.  Crystals  are 
divided  into  classes  by  the  more  or  less  regularity  and  sym- 
metry of  their  geometrical  forms.  All  other  qualities,  mechan- 
ical,  optical,  electric,  etc.,  are  governed  by  the  degree  of 
symmetry  or  regularity.  There  are  only  three  unit  fimda- 
mental  forms,  the  cube  whose  symbol  is  100,  and  its  faces  are 
called  the  faces  of  a  cube  or  if  taken  in  pairs  pinacoids.  The 
three  iSgures  refer  to  the  three  geometric  axes  and  the  one 
permuted  through  the  three  places  100,  010  and  001  indicates 

three  of  the  faces,  minus  one  gives  the  other  three  faces  100^ 

010  and  001  or  total  six  of  the  cube. 

The  second  form  is  the  dodecahedron  (110)  with  12  sides 
as  the  permutation  of  the  symbol  shows.  Its  faces  taken  in 
sets  parallel  to  one  axis  are  called  prisms  of  which  the  most 
important  is  the  vertical  prism. 

The  third  form  is  the  octahedron  (111)  with  eight  permuta- 
tions, one  for  each  side.  To  the  unit  fundamental  forms  may 
be  added  four  more  when  some  other  iSgure  is  taken  in  place 
of  the  one.  All  other  of  the  1000  or  so  forms  are  made  by 
combinations  of  two  or  more  fundamental  forms,  or  and  this 
is  the  important  point  in  this  connection,  part  of  the  faces  of 
a  fundamental  form  may  not  appear  and  we  may  have  only 
half  or  a  quarter  of  them  >^(100),  M(llO)  &c.,  the  brackets 
implying  a  full  set  of  faces. 

It  is  evident  that  you  cannot  make  a  complete  figure  with 
only  half  of  the  faces  of  a  cube  but  the  octahedron  works  out 
all  right. 

It  may  be  described  as  a  four  sided  pyramid  on  top  with  an 
inverted  four  sided  pyramid  below  base  to  base.  The  vertical 
or  c  axis  goes  from  the  top  apex  to  the  bottom  one.  Two 
opposite  top  faces  may  be  extended  together  with  the  two  al- 
ternate lower  faces  to  make  a  figure  with  only  four  faces,  the 
tetrahedron.  The  c  vertical  axis  remaining  in  its  place  goes 
from  the  middle  of  the  top  edge  to  the  middle  of  the  edge  below. 
It  is  evident  that  a  great  deal  of  the  former  symmetry  has 
disappeared.  This  is  just  the  asymmetry  that  is  to  be  noted 
in  Mr.  Nicolson's  Rochelle  salt  crystals.  It  may  be  said  to  be 
made  up  of  three  pair  of  pinacoid  (or  cube)  faces  with  a  number 
of  vertical  prism  faces.  None  of  these  is  significant.  What 
is  significant  Js  a  small  face  just  bevelling  the  top  front  edge 

called  0  =111  which  should  appear  on  the  left  or  another 
V  =  211  which  would  appear  on  the  right.  They  are  the  faces 
of  a  tetrahedrons  or  bisphenoids  half  forms. 

I  have  only  found  them  in  his  two  drawings.  Fig.  4,  in  the  top 
plan  the  long  and  narrow  faces  that  are  not  cut  by  a  and  b  axes, 
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in  the  lower  drawing  the  c  axis  seems  to  go  through  one  of 
them. 

Crystals  are  divided  into  32  classes  of  which  20  might  show 
piezo-electric  effect. 

A.  W.  Hull:  I  anticipate  it  would  be  perfectly  easy  to 
show  the  results  of  stress.  The  relative  displacement  of  atoms 
will  be  accurately  registered,  but  as  they  are  exceedingly  small 
it  would  require  very  fine  measurements  to  show  them. 

Irving  Langmuir:  From  the  outside  dimensions  of  the 
change  of  shape,  etc.,  of  crystals  under  the  influence  of  an 
electrical  field  or  mechanical  stress,  you  could  not  calculate 
the  changes  in  the  orbs,  the  arrangement  of  the  atoms  must 
still  be  the  same,  and  even  without  distortion  you  could  cal- 
culate them?  What  about  the  changes  in  the  distance  be- 
tween the  atoms? 

J.  E.  Schrader:  Dr.  Hull  states  he  has  not  made  any 
experiments  on  metals  under  stress,  containing  crystals  such 
as  mica  or  quartz.  Cannot  we  get  some  information  about 
polarization  and  absorption? 

A.  W.  Hull :  I  would  like  to  qualify  somewhat  the  answer 
I  gave  to  that  problem.  I  have  not  the  slightest  doubt  but 
that  we  can  get  excellent  information  regarding  strains  from 
X-ray  analysis.  The  strains  we  actually  produce  are  of  such 
magnitude  that  we  can  measure  them  mechanically  on  the 
outside  of  the  crystal,  and  the  ease  of  measuring  them  inside 
is  greater.  By  means  of  the  photographs  I  showed,  it  is  easy 
to  measure  the  distance  between  atoms  to  one  part  in  fifty 
thousand. 

The  measurement  of  elastic  coefficients,  temperature  co- 
efficients of  expansion,  and  densities  are  extremely  easy  by  this 
method.  The  relative  ease  of  the  measurement  of  density 
in  a  substance  by  X-rays  as  compared  with  the  ordinary 
method  is  so  remarkable  that  it  is  worthy  of  attention.  Den- 
sity measurements  to  one-tenth  of  a  per  cent  can  be  made  in 
about  four  hours, — that  does  not  mean  four  hours  of  personal 
work — the  tube  runs  by  itself  and  the  analysis  requires  less 
than  an  hour. 

D.  MacL.  Therrell  (by  letter):  Simplified  and  reduced 
to  its  lowest  terms  the  paper  by  Morecrof  t  and  Friis  covers  the 
use  of  the  vacuum  tube,  pliotron,  or  audion  for  the  purpose  of 
generating  an  alternating  current  from  a  variable  direct  current. 

Some  years  ago,  while  conducting  a  series  of  experiments 
in  an  effort  to  improve  the  constants  of  the  telephone  trans- 
mitter circuit,  and  avoid  the  evils  of  core  saturation  and 
transformer  or  induction  coil  losses,  I  discovered  a  means  for 
deriving  an  alternating  current  from  a  direct  variable  current, 
which  is  identical  with  the  use  of  the  pliotron  vacuum  tube  or 
audion,  as  described  by  Messrs.  Morecroft  and  Friis. 

By  bridging  a  low  resistance  coil  of  high  inductance  across 
the  terminals  of  the  variable  resistance  element,  or  transmitter 
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electrodes,  and  placing  the  load,  or  primary  winding  of  the 
induction  coil,  in  series  with  a  condenser  of  suitable  capacity 
in  shunt  around  these  points,  or  terminals,  whose  potential 
varied  as  a  function  of  the  resistance  of  the  transmitter  elec- 
trodes; I  found  that  an  alternating  current  corresponding 
exactly  with  the  impressed  voice  component  of  the  variable 
direct  current  was  generated  in  the  derived  or  shimt  circuit 
through  the  primary  coil  by  the  charging  and  discharging  of 
the  condenser  in  circuit. 

The  discovery  was  later  used  and  disclosed  by  me  for  the 
purpose  of  generating  alternating  currents  in  the  primary  or 


Fig.  1 — Thekrell  "Autostatic  Generator" 


primaries  of  a  transmitter  circuit  so  that  resonance  or  partial 
resonance  might  be  obtained  for  the  essential  or  desired  fre- 
quencies to  be  transmitted. 

Both  the  discovery,  of  what  I  term  the  "Auto  Static  Genera- 
tor," and  this  particular  application  which  permits  of  timing 
for  the  sinusoidal  component  of  the  variable  direct  current 
was  a  distinct  and  novel  step  in  the  art. 

The  importance  of  this  device  was  clearly  foreseen  and 
fundamentally  covered  and  claimed  in  U.  S.  patents  issued  to 
the  writer  for  the  "Art  of  Telephony." 

This  circuit  arranjgement  was  also  described  by  me  in  an 
article  in  the  Electrical  World,  page  1344,  June  30,  1906.  It 
was  also  described  at  length  in  a  serial  article  by  J.  J.  Goodwin, 
covering  my  discoveries,  in  the  American  Telephone  Journal, 
page  67,  August  4,  1906. 

In  the  same  issue  the  Editor,  Franklin  H.  Reed,  commented 
editorially  in  part  as  follows:  "The  device  by  which  the 
primary  current  is  made  alternating  in  character  in  order  that 
the  required  condition  of  resonance  may  be  obtained,  repre- 
sents a  distinct  and  novel  step  in  the  art." 

In  the  patents  above  referred  to  the  circuit  coupling  or  auto 

'tic  generator  is  shown  under  three  equivalents  as  mdicated 
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at  (A)  (B)  and  (C)  of  Fig.  1,  herewith,  which  it  will  be  seen  is 
identical  with  the  vacuum  tube  or  audion  arrangement  of 
Messrs.  Morecroft  and  Friis  as  described  in  connection  with 
Fig.  1  of  their  paper. 

A  simplified  but  exact  equivalent  of  Fig.  1,  is  herewith  shown 
as  Fig.  2,  in  the  usual  symbols.  This  circuit  is  now  seen  to 
be  identical  with  the  "Auto  Static  Generator"  arrangement 
disclosed  by  me  in  1904,  as  will  be  most  apparent  to  any  one 
comparing  the  figures  herewith. 

The  filament  and  plate  in  Fig.  2  are  equivalent  to  the 
microphone  in  Fig.  1.  The  alternating-current  generator  and  the 
grid  are  equivalent  to  the  acoustical  means  for  varying  the 
resistance  of  the  microphone  in  Fig.  1.  The  rest  of  the  circuit  is 
identical  in  every  element  and  function  and  detail. 

In  this  connection  it  is  also  pointed  out  that  my  "Auto 
Static  Generator"  circuit  is  used  in  the  Goldschmidt  alternator 


Output 

Transformer 
or  Load 


Fig.  2 — Audion  Adapted  to  Therrkll  "Autostatic  Generator" 


for  wireless  and  radio  telephony  as  recently  disclosed  in 
"The  Principles  Underlying  Radio  Communication,"  issued 
by  the  Bureau  of  Standards,  pamphlet  No.  40,  page  162. 

Among  the  claims  granted  to  me  on  the  "Auto  Static"  de- 
vice, in  the  patents  above  mentioned  are  the  following: 

"The  method  of  producing  an  alternating  current  in  the  primary  coil 
which  consists  in  placing  the  primary  coil  and  a  capacity  in  a  derived 
or  shunt  circuit  between  points  whose  potential  varies  as  a  function  of 
the  transmitter  diaphragm,  whereby  an  alternating  current  is  caused  to 
flow  through  the  said  primary  coil  due  to  charing  and  discharging  of 
the  said  capacity  as  the  potential  varies  across  the  terminals  of  the  said 
derived  shunt  circuit." 

Likewise  the  apparatus  case  covers: 

"Means  for  generating  alternating  currents  in  a  circuit  derived  from 
the  transmitter  circuit  and  containing  the  primary  coils  of  a  phirality 
of  transformers.*' 

Also  the  generic  claim  for: 

'* Means  for  generating  alternating  currents  in  a  branch  of  the  transmitter 
circuit  containing  the  primary  coil.** 

Likewise  the  following  generic  claim  covering  the  tuning  of 
the  transmitter  or  primary  circuit  for  any  frequency  to  be 
transmitted : 

"The  step  in  the  art  of  Electrical  transmission  and  reproduction  of 
sound,  which  consists  in  making  the  terminal  transmitter  circuit,  or 
circuits,  wholly  or  partially  resonant  for  the  essential  frequencies  to  be 
transmitted,    thereby  increasing    the   eflftcienoy  of   trai\stot\ft»X.Sa\\.  ^xA 
the  energy  transferred  to  the  secondary  o\rc\i\t?' 
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When  it  is  considered  that  the  vacuum  tube,  with  its  input 
excitation  of  any  kind,  is  equivalent  to  the  ordinary  telephonic 
transmitter,  the  scope  of  these  claims  is  readily  obvious  and  is 
clearly  seen  to  cover  broadly  every  use  of  the  Audion,  Pliotron 
or  vacuum  tube  for  the  purpose  of  generating  an  alternating 
current  or  of  preventing  a  direct  current  from  circulating 
through  the  windings  of  the  output  transformer. 

Of  course  I  am  aware  that  the  right  to  a  patent  on  improve- 
ments involving  the  use  of  prior  devices  or  inventions,  does 
not  necessarily  carry  with  it  the  right  to  proceed  under  such 
a  patent  free  from  domination  thereof  by  patents  on  the  prior 
devices  or  inventions. 

I  am,  therefore,  now  merely  calling  attention,  in  the  in- 
terest of  historical  accuracy,  to  the  fact  that  the  use  of  the 
vacuum  tube,  pliotron,  or  audion,  or  other  device,  for  the 
purpose  of  deriving,  or  generating,  an  alternating  current  from 
a  variable  direct  current,  or  its  equivalent,  in  telephony, 
wireless  telephony  and  telegraphy,  is  an  abridgement  of  and 
an  infringement  upon  my  rights  as  covered  by  the  generic 
patents  above  cited;  and  this,  statement  is  made  without 
prejudice  to  any  of  may  statutory  rights  involved. 

John  H.  Morecrof t :  The  comments  of  Mr.  Therrell  on 
our  paper  on  vacuum  tubes  adds  nothing  to  the  theory  or  ex- 
planations advanced  regarding  the  operation  of  the  device, 
and  is  of  interest  only  to  those  engaged  in  patent  litigation. 

The  question  which  Mr.  Taylor  asked,  regarding  the  possible 
mechanical  strains  due  to  piezo  electric  forces,  was  not  answered 
by  Dr.  Nicolson;  I  believe  he  has  made  no  determination  of 
this  phase  of  the  question.  The  piezo  electric  effect  in  quartz, 
which  I  have  investigated  to  some  extent,  gives  one  a  very 
vivid  idea  of  the  tremendous  strains  which  the  action  may  call 
into  play. 

If  a  rectangular  piece  of  quartz,  in  the  form  of  a  thin  slab, 
is  properly  cut  from  a  good  crystal,  it  may  be  made  to  actually 
pull  itself  into  two  pieces  by  these  piezo  electric  forces.  The 
faces  of  the  slab  should  be  parallel  to  one  of  the  electric  axes 
of  the  crystal,  and  the  long  edges  should  be  perpendicular  to 
the  optical  axis  of  the  crystal.  A  typical  piece,  for  example, 
might  be  one  eighth  inch  thick,  two  inches  long,  and  about  one 
inch  wide. 

Pieces  of  tinfoil,  nearly  the  size  of  the  faces  of  the  slab,  are 
then  shellaced  to  the  two  faces,  and  allowed  to  dry.  If  this 
quartz  slab  is  considered  as  a  rod,  its  fundamental  period  of 
vibration  (longitudinal)  may  be  calculated  to  be  about  50,000 
cycles  per  second.  That  is,  if  the  slab  were  struck  a  sharp 
blow  on  one  end  it  would  sustain  longitudinal  vibrations  of  this 
frequency.  The  two  pieces  of  tinfoil  are  connected  to  a  high 
frequency  source  of  electric  power,  the  frequency  of  which  may 
be  accurately  adjusted;  a  large  vacuum  tube  oscillator  is  the 
most  suitable  source  of  power.    If  the  frequency  of  the  alter- 
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nating  e.  m.  f .  is  now  varied  until  it  is  exactly  the  same  as  the 
natural  period  of  the  slab  the  slab  will  actually  pull  itself 
into  two  or  more  pieces  after  the  e.  m.  f .  has  been  applied  for 
not  more  than  a  second  or  so;  in  general  the  slab  will  break 
itself  into  two  nearly  equal  pieces. 

It  might  well  be  conceived  that  the  rupture  of  the  quartz 
was  simply  a  case  of  dielectric  breakdown,  due  to  excessive 
potential  gradient  through  the  quartz ;  that  such  is  not  the  case 
is  evident  when  the  voltage  required  for  rupture  is  considered. 
A  piece  one  eighth  inch  thick  may  be  ruptured  by  about  three 
thousand  volts;  the  dielectric  strength  of  the  quartz  is  perhaps 
ten  times  this  amount.  Moreover  if  the  same  voltage  is  im- 
pressed on  the  quartz,  at  a  frequency  differing  from  the  critical 
one  by  as  little  as  one-half  per  cent  the  slab  will  "stand  up" 
indefinitely. 

In  general  this  test  is  best  carried  out  with  the  test  piece 
submerged  in  oil,  preferably  a  light  one,  such  as  kerosene. 
The  voltage  required  in  the  test  will  cause  corona  and  leakage 
if  the  test  is  carried  out  in  air,  and  these  two  effects  tend  to 
heat  the  quartz  and  so  reduce  its  dielectric  strength. 

I  have  been  successful  in  rupturing  pieces  as  short  as  one-half 
inch,  the  required  frequency  in  this  case  being  of  the  order  of 
200,000  cycles  per  second. 

When  one  considers  the  high  tensile  strength  of  a  piece  of 
clear  quartz  crystal  it  is  evident  that  these  piezo  electric  actions 
do  bring  into  play  very  large  mechanical  strains  indeed. 
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A  REPORT  ON  ELECTROMAGNETIC  INDUCTION  * 


BY  S.  J.  BARNETT 

Abstract  of  Paper 

This  report  discusses  briefly  the  chief  fundamental  results 
obtained  from  the  days  of  Faraday  to  the  present  time  in 
studying  the  electromotive  forces  ordinarily  referred  to  the  do- 
main of  electromagnetic  induction. 

Self-induction  is  first  taken  up,  and  the  phenomena  of  self- 
induction  are  treated  as  essentially  identical  with  the  phenomena 
of  inertia  in  d3rnamics,  according  to  the  idea  of  Maxwell  and 
the  idea  originally  accepted  by  Faraday.  The  only  recent 
fundamental  progress  has  been  in  studying  the  inertia  of  free 
electrons  and  other  ions,  and  experiments  on  this  subject  are 
referred  to. 

The  motional  electromotive  force,  developed  when  matter 
moves  in  a  magnetic  field,  is  next  considered,  and  is  derived 
from  Ampere's  law  on  the  electron  theory.  Especial  attention 
is  devoted  to  the  motional  intensity,  ana  the  resulting  electric 
displacement,  in  insidators,  of  which  nothing  has  been  known 
until  recent  years.  . 

The  induced  electromotive  force  in  fixed  conductors  and  in- 
sulators arising  from  the  motion  or  alteration  of  other  systems  is 
next  considered,  and  is  expressed  both  in  terms  of  magnetic  flux 
and  in  terms  of  the  general  vector  potential,  which  refers  the  phe- 
nomena back  to  the  motion  of  electrons  without  the  magnetic 
field  as  intermediary.  The  relations  between  the  induced  and 
motional  electromotive  forces  are  discussed,  as  well  as  the  rela- 
tion of  the  electric  displacement  produced  in  certain  cases  to  the 
hypothesis  of  the  fixed  ether. 

The  report  closes  with  a  treatment  of  unipolar  induction  in 
both  so-caUed  open  and  closed  circuits,  including  brief  de- 
scriptions of  some  of  the  principal  experiments,  a  discussion  of 
the  theories  involved,  and  their  application  to  the  unipolar 
generator.  

1.  It  is  unnecessary  to  emphasize  the  great  importance  of  this 
-l  subject  alike  to  the  physicist  and  to  the  engineer.  The 
world  of  the  physicist  is  rapidly  becoming  fundamentally  an 
electrical  world,  in  which  a  vast  part  is  played  by  electro- 
magnetic induction;  and  without  electromagnetic  induction  the 
world  of  the  electrical  engineer  could  scarcely  be  considered 
even  to  exist. 

The  general  field  of  electromagnetic  induction  has  become 
very  broad,  and  it  will  be  necessary  to  restrict  this  discussion 

1.     For  references  see  end  of  paper. 
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to  fundamental  matters,  and  from  among  them  to  select  for 
consideration  only  electromotive  forces  and  electric  displace- 
ments, and  these  only  in  stationary  or  quasi-stationary  sys- 
tems. Important  related  subjects  such  as  the  transfer  of 
energy  in  the  electromagnetic  field  according  to  Poynting  and 
Heaviside  must  be  excluded.  Even  the  principle  of  relativity 
can  scarcely  be  more  than  mentioned. 

To  a  very  remarkable  degree  our  knowledge  of  the  fimda- 
mental  facts  and  principles  of  electromagnetic  induction  is  due 
to  Michael  Faraday.  Most  of  the  progress  made  by  others 
has  consisted  in  increasing  the  precision  of  his  measurements 
and  in  developing  ideas  which  originated  in  less  perfect  form 
with  him. 

2.  The  principal  experiments  of  Faraday  and  his  contem- 
poraries in  the  field  of  electromagnetic  induction  may  con- 
veniently be  grouped  in  four  divisions,  as  follows: 

I.  Experiments  in  which  the  agent  producing  the  magnetic 
field  remains  fixed  to  the  earth  and  the  conductor  or  insulator 
under  examination  moves.  The  electric  intensity  and  electro- 
motive force  in  the  body  due  to  the  motion  have  been  called 
the  motional  intensity  and  e.  m.  f .  by  Heaviside. 

II.  Experiments  in  which  the  hoAy  under  examination  re- 
mains fixed  to  the  earth,  and  the  agent  producing  the  magnetic 
field  moves  or  its  electric  current  changes.^  The  electric  in- 
tensity and  e.  m.  f .  produced  under  these  circumstances  will 
be  called  the  induced  intensity  and  e.  m.  f .,  although  these  terms 
are  often  applied  also  to  the  motional  quantities. 

According  to  the  Einstein  principle  of  relativity,  no  dis- 
crimination can  be  made  between  the  motional  and  induced 
intensities,  as  only  the  relative  motion  of  two  bodies  can  be 
determined. 

III.  Experiments  on  unipolar  induction,  strictly  belonging 
to  groups  I  and  II,  but  to  be  considered  separately  for  con- 
venience.' 

IV.  Experiments  on  self-induction. 

3.  The  last  group,  on  self-induction,  will  be  considered  first. 
When  a  steady  electromotive  force  is  applied  to  a  circuit  the 
current  increases  from  zero  until  a  steady  value  is  reached 
when  the  counter  e.  m.  f .  of  resistance  just  balances  the  applied 
e.  m.  f .  and  the  electricity  therefore  moves  imiformly.  If  the 
applied  e.  m.  f .  is  made  to  disappear  without  otherwise  altering 
the  circuit  the  counter  e.  m.  f.  of  resistance  gradually  reduces 
the  current  to  zero  or  brings  the  electricity  to  rest. 
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Referring  to  the  phenomenon  of  self-induction,  Faraday 
says  "The  first  thought  that  arises  in  the  mind  is  that  the  elec- 
tricity circulates  with  something  like  momentum  or  inertia  in 
the  wire."  This  idea,  however,  he  soon  gave  up,  but  for  in- 
adequate reasons,  as  shown  by  Maxwell,  whose  treatment  of 
the  subject  is  based  entirely  on  the  idea  of  inertia.  To  set 
electricity  into  motion  an  e.  m.  f .  is  required  just  as  a  force 
is  required  to  accelerate  matter;  and  to  bring  electricity  in 
motion  to  rest  an  opposing  e.  m.  f.  must  be  applied,  just  as  an 
opposing  force  is  required  to  reduce  the  velocity  of  a  moving 
body.  In  strictness  it  is  quite  as  improper  to  speak  of  an 
"electromotive  force  of  self-induction"  as  of  a  "force  of  inertia" 
in  dynamics.  Failure  to  realize  this  has  given  rise  to  a  great 
amount  of  confusion  in  electrical  literature. 

The  fundamental  self-induction  relation  in  electric  circuits 
is  that  of  Faraday  and  Neumann:  To  alter  the  current  in 
an  electric  circuit,  and  therewith  the  corresponding  magnetic 
flux,  an  e.  m.  f.  equal  to  the  rate  of  increase  of  the  flux  must 
act  in  the  circuit. 

While  a  vast  amount  of  progress  has  been  made  in  measuring 
the  quantities  involved  in  self-induction  and  in  studying  the 
relations  of  other  phenomena  to  those  of  self-induction,  it 
appears  that  the  only  really  fundamental  progress  made  since 
the  early  days  has  come  from  studying  the  behavior  of  free 
electrons  and  other  ions  accelerated  by  electric  and  mag- 
netic fields.  Well-known  experiments  by  J.  J.  Thomson, 
Kaufmann,  Bucherer,  Hupka  and  others  have  yielded  import- 
ant information  on  the  constitution  of  the  electron  and  of 
matter;  but  it  is  unnecessary  to  do  more  than  mention  these 
experiments  here. 

Along  with  these  experiments  should  be  mentioned  the  ex- 
periments suggested  by  Maxwell*  on  the  electric  displacement 
produced  in  conductors  by  their  mere  acceleration.  If  a  con- 
ductor is  accelerated,  since  some  of  the  electrons  or  other  ions 
are  free,  an  electric  displacement  would,  in  general,  be  ex- 
pected to  result. 

Such  effects  in  electrolytes  have  been  observed  by  Colley,* 
Des  Coudres,®  and  others;  and  after  having  been  looked  for  in 
metals  by  Maxwell,  E.  F.  Nichols,^  and  Lebedew®  have  been 
observed  and  carefully  measured  in  a  beautiful  investigation 
by  Tolman  and  Stewart.^  The  behavior  of  the  electricity  in 
a  circular  coil  of  wire  which  has  been  rotating  about  its  axis 
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and  is  quickly  brought  to  rest  as  in  these  experiments,  is  very 
similar  to  that  in  a  coil  which  has  been  carrying  a  steady  current 
when  the  applied  e.m.f .  is  reduced  to  zero  without  altering  the 
resistance. 

4.  Faraday's  experiments  of  group  I.  on  conductors  prove 
that  when  a  rigid  circuit  moves  in  a  fixed  magnetic  field  there 
is  produced  aroimd  it  an  e.  m.  f.  equal  to  the  rate  of  diminution 
of  magnetic  flux  through  it,  or  the  net  rate  at  which  it  cuts 
across  magnetic  flux,  with  proper  respect  to  signs.  The  two 
statements  are  equivalent,  since  tubes  of  magnetic  induction 
are  always  closed.  The  second  form  is  the  more  funda- 
mental, as  will  be  evident  from  what  follows. 

Similarly,  the  motional  e.  m.  f.  along  any  part  of  the  circuit, 
or  any  line  in  any  conductor  moving  in  a  magnetic  field,  is 
equal  to  the  rate  at  which  it  cuts  across  magnetic  flux. 

On  the  electron  and  ionic  theories  of  matter  this  is  accounted 
for  by  the  Amp^rian  force 

F  =  e[vH]  (1)10 

which  acts  on  any  electrified  particle  of  the  matter  with  charge 
e  moving  with  velocity  v  in  a  field  of  strength  H.  For  this 
gives  a  motional  intensity,  or  force  per  unit  charge, 

/   =F/e=  [vH]  (2) 

The  integral  of  this  intensity  along  any  path  in  the  conductor 
gives  the  result  stated  above. 

Every  experiment  made  since  Faraday's  time  has  confirmed 
this  result.  The  most  precise  experiments  are  probably  those 
which  have  been  made  in  determining  resistances  in  absolute 
measure  by  the  method  of  Lorenz." 

In  certain  cases  where  different  magnetic  fields  are  superposed 
care  must  be  taken  to  use  for  H  in  (2)  the  intensity  of  the  field 
due  to  the  fixed  circuits  or  magnets  with  reference  to  which 
V  is  determined.  An  interesting  illustration  is  that  of  an  in- 
sulated wire  inside  a  coaxial  iron  tube  moving  together  with 
the  wire  across  an  (originally)  uniform  magnetic  field  due  to 
fixed  circuits  or  magnets.  The  e.  m.  f.  developed  in  the  wire 
is  precisely  the  same  as  if  the  tube  were  absent,  although  the 
(resultant)  field  within  the  tube  is  greatly  weakened  by  its 
presence.  Since  the  tube  moves  with  the  wire  the  field  due 
to  its  magnetization  is  not  effective. 

5.  If  non-conducting  matter  also  is  electrically  constituted 
and  moves  in  a  magnetic  field,  each  moving  electrified  constitu- 
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ent  must,  as  in  the  case  of  a  conductor,  be  acted  upon  by  a 
force  in  accordance  with  (1),  and  thus  by  the  motional  intensity 
/given  by  (2). 

Similarly,  if  the  ether  is  electrically  constituted,  and  if  it 
moves  in  a  magnetic  iSeld,  it  also  will  be  the  seat  of  a  motional 
intensity  given  by  (2). 

The  motional  intensity  will  act  to  produce  opposite  displace- 
ments of  the  positive  and  negative  constitutents  of  insulators 
as  well  as  of  conductors.  This  will,  in  general,  give  rise  to  an 
electric  iSeld,  and  the  intensity  E  of  this  field  will  act  on  all 
electrical  media  which  the  field  contains,  whether  at  rest  or  in 
motion. 

If  both  the  ether  and  the  matter  which  it  permeates  move 
together,  as  they  do  on  the  theory  of  Hertz,"  both  intensities 
act  on  both  substances.  But  if  the  ether  remains  fixed,  and 
the  matter  which  it  permeates  moves  through  it,  as  on  the 
theory  of  Lorentz^^  the  intensity  /  acts  on  the  matter  only, 
while  the  intensity  E  acts  on  both  ether  and  matter. 

The  motional  intensity  /,  being  equal  to  [vH],  is  entirely 
independent  of  the  nature  of  the  moving  substance  provided 
only  it  has  an  electric  constitution. 

6.  Referring  to  the  matter  of  motional  displacement,  or 
electric  displacement  produced  by  the  motional  intensity,  and 
to  the  displacement  produced  by  the  induced  intensity,  in 
insulators,  Faraday  says",  "I  have  long  thought  there  must  be 
a  particular  condition  of  such  bodies  corresponding  to  the  state 
which  causes  currents  in  metals  and  other  conductors;  and 
considering  that  the  bodies  are  insulators  one  would  expect 
that  state  to  be  one  of  tension.  I  have  by  rotating  non- 
conducting bodies  near  magnetic  poles  and  poles  near  them,  and 
also  by  causing  powerful  electric  currents  to  be  suddenly 
formed  and  to  cease  around  and  about  insulators  in  various 
directions,  endeavored  to  make  some  such  state  sensible,  but 
have  not  succeeded.  Nevertheless,  as  any  such  state  must  be 
of  exceeding  low  intensity,  because  of  the  feeble  intensity  of 
the  currents  which  are  used  to  induce  it,  it  may  well  be  that  the 
state  may  exist,  and  may  be  discoverable  by  some  more  expert 
experimentalist,  though  I  have  not  been  able  to  make  it 
sensible." 

7.  An  imaginary  experiment  on  this  subject  and  unipolar 
induction  combined  was  described  by  Poincar6  in  1900^^.  But 
the  first  actual  experiments  after  Faraday  appear  to  be  those  of 
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Blondlot  in  1901  on  air^*.  In  1902  I  began  an  investigation 
which  included  experiments  on  ebonite,  sulphur,  and  rosin,  but 
the  work  was  not  completed  imtil  1908^^  In  the  meantime 
H.  A.  Wilson^®  published  an  investigation  on  ebonite. 

8.  The  essential  theory  of  all  these  experiments  can  be  given 
very  simply.  Consider  an  insulator  in  the  form  of  a  hollow 
circular  cylinder  with  dielectric  constant  K  rotating  uniformly 
about  its  axis  in  a  uniform  magnetic  field  with  intensity  parallel 
to  this  axis.  Suppose  the  inner  and  outer  surfaces  of  the 
cylinder  covered  with  conducting  armatures  of  negligible 
thickness. 

Let  the  number  of  revolutions  per  second  be  denoted  by  n, 
the  magnetic  flux  across  a  right  section  of  the  space  between  the 
cylinders  by  ip,  the  capacity  of  the  cylindrical  condenser  so  far 
as  it  depends  on  the  field  between  the  armatures  by  K  C,  the 
capacity  dependent  on  the  field  between  the  outer  armature 
(together  with  any  fixed  conductors  attached  thereto)  and  the 
surrounding  conductors,  connected  by  a  brush  to  the  inner 
armature,  by  C. 

Let  J  denote  the  dielectric  constant  of  that  portion  of  the 
dielectric  which  moves.  If  the  matter  alone  rotates  while  the 
ether  remains  fixed,  J  =  K  —  1.  If  the  ether  also  moves, 
J  —  K,  If  the  ether  rotates  alone,  J  =  1.  It  is  clearly 
immaterial  whether  the  armatures,  which  cut  no  magnetic  flux, 
remain  fixed  or  move. 

When  the  cylinder  is  set  into  rotation  the  motional  intensity 
/  and  motional  e.  m.  f.  ^  =  mp  will  act  radially,  let  us  say 
outwardly  for  definiteness,  on  the  portion  of  the  dielectric 
which  moves.  The  electric  separation  produced  in  this  part  of 
the  dielectric  will  give  rise  to  an  electric  field  whose  intensity 
will  be  directed  radially  inward  within  the  insulating  cylinder 
and  in  which  there  will  be  a  potential  difference  V  directed  from 
the  outer  armature  to  the  inner  armature,  and  from  the  outer 
armature  to  the  surrounding  conductors. 

The  total  charge  on  the  outer  conductor  and  its  connections, 
if  any,  will  be  zero,  since  it  is  completely  insulated  from  the 
inner  conductor  and  its  connections.  This  charge  consists  of 
three  parts  superposed : 

1.  A  charge  qi  =  -  n  <p  J  C  (3) 
on  the  inner  surface; 

2.  A  charge  q2  =  KCV  (4) 
on  the  inner  surface; 
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3.    A  charge  g,  =  C  V  (5) 

on  the  outer  surface  and  any  conductors  connected  therewith. 
Since 

q\+  q%  +  qz  =  0,  we  get,  if  g,  +  g,  =  q^, 

q^  =  {KC  +  C;)V  =  n<pJC  =  -  qi  (6) 

In  Wilson's  experiments  and  my  own,  hollow  insulating 
cylinders  were  used,  and  the  experimental  processes  (consider- 
ably different  in  the  two  investigations)  were  equivalent  to 
measuring  ^4,  w,  (p,  and  C  and  therefrom  calculating  J,  which 
was  found  equal  to  X  —  1  within  the  limits  of  the  experimental 
error. 

In  Blondlot's  experiments  a  parallel  plate  condenser  (a 
special  case  of  a  part  of  a  hollow  cylinder)  was  used,  and  a  swift 
stream  of  air  was  sent  between  the  plates  while  they  were  con- 
nected together  by  a  wire  at  rest,  thus  making  V  zero  and 
leaving  the  motional  e.  m.  f .  S[^  to  act  alone.  The  connection 
between  the  plates  was  broken  when  the  velocity  of  the  air 
stream  was  a  maximum,  and  the  quantity  qi  directly  measured. 
It  was  found  to  be  zero,  thus  showing  that  J  =  K  —  1,  since 
K  for  air  and  ether  together  is  practically  unity. 

All  these  investigations  thus  confirm  the  theory  of  Lorentz, 
according  to  which  the  ether  is  at  rest.  The  results  would  be 
identical  if  there  were  no  ether. 

9.  The  field  inside  the  rotating  cylinder  is  of  great  interest, 
but  can  be  discussed  here  for  a  few  cases  only.  The  solid 
cylinder  rotating  about  its  axis  and  the  parallel  plate  moving 
parallel  to  one  surface  are  particular  cases  of  the  hollow 
cylinder. 

(1)  First  suppose  the  ether  to  be  at  rest  and  suppose  the 
thin  armatures  either  not  existent  or  else  disconnected  from  all 
other  conductors. 

In  this  case  the  total  electric  displacement  D  at  all  points  of 

a  cylinder  of  any  radius  r  >  ri  (radius  of  inner  surface) j<  fa 

(radius  of  outer  surface)  coaxial  with  the  surface  of  the  insula- 
ting cylinder  is 

=  -^\KE  +  {K^l)o)Hr]  (7) 
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where  w  =  2  Trn.    Hence 

E  =  --^^1---^^  ^Hr  (8) 

There  is  no  intensity  of  either  kind  inside  the  inner  cylinder  or 
outside  the  outer  cylinder. 

(2)    Next  suppose  the  armatures  present  and  connected  by 

a  wire  at  rest.    This  connection  reduces  the  voltage  j  E  dr  to  0, 

but  the  field  intensity  E  does  not  vanish  except  over  one 
cylinder  of  radius  ro  to  be  determined.  If  it  did,  the  charge  on 
the  outer  armature  would  be  greater  than  the  opposite  charge 
on  the  inner,  and  the  insulator  itself  would  be  internally 
charged.  For  /  increases  proportionally  with  r,  and  D  would 
now  therefore  increase  in  the  same  way.  The  voltage  through 
the  insulator  being  zero,  the  direction  of  the  field  intensity  E, 
always  radial,  changes  in  sign  at  the  cylinder  of  radius  to. 
Within  this  cylinder  E  has  the  same  direction  as  /,  so  as  to 
increase  the  total  displacement;  while  outside  this  cylinder  it 
has  the  opposite  direction,  so  as  to  decrease  the  displacement 
which  would  exist  were  /  alone  acting.  In  this  way  the  electric 
flux  across  all  cylinders  which  can  be  drawn  between  the 
armatures  is  kept  the  same  and  equal  to  that  across  the  cylinder 
of  radius  ro.    At  the  cylinder  of  radius  r  the  field  intensity  is 

E^-^^^iu^-n  (9) 

while  fo  is  given  by  the  expression" 


(3)     If  the  wire  moves  with  the  armatures  a  field  intensity 
due  to  the  potential  difference  V  from  the  outer  to  the  inner 

armature  equal  to  the  e.  m.  f .  n  ^  =      o     (^2'  -  ri*)  developed 

in  the  wire  will  be  superposed  on  the  intensity  given  by  (9), 
with  the  result  that  the  displacement  within  the  rotating  con- 
denser will  be  exactly  the  same  as  if  it  contained  ether  only, 
at  rest,  and  were  charged  to  the  potential  difference  V^. 
(4)"    If  the  ether  moves  with  the  matter  in  case  (1),  we 
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must  substitute  X  for  X  -  1,  and  we  get  in  place  of  (7)  and  (i) 
the  relations 

0  =  Z>  =  -jip-  X  (/  +  E)  (10) 

and  E  =  -/  =  -co/fr  (11) 

Neither  matter  nor  ether  is  displaced,  either  within  or  without 
the  cylinder. 

(5)"  If  the  ether  moves  with  the  matter  in  case  (2),  equa- 
tion (9)  becomes 

E  =  -  -^  (ro^  -  r^)  (12) 

while  ro  remains  unchanged. 

(6)"  If  the  wire  moves  with  the  ether  and  the  matter  of  case 
(4)  [or  if  the  ether  moves  with  the  matter  and  the  wire  of 
case  (3)],  there  is  no  displacement  anywhere,  exactly  as  in 
case  (4),  where  the  wire  was  abseftt^^ 

10.  In  the  second  group  of  experiments  Faraday  found  that 
if  a  conducting  circuit  was  kept  fixed  and  the  magnetic  flux 
through  it  altered  in  any  way  by  the  motion  of  adjacent  circuits 
or  magnets,  an  e.  m.  f.  was  developed  around  it  equal  to  the 
rate  of  decrease  of  magnetic  flux  through  it,  precisely  as  in  the 
experiments  of  the  first  group  for  the  same  relative  motion  of 
the  material  systems.  In  this  case  the  tubes  of  magnetic 
induction,  which  are  always  closed,  must  be  conceived  to  move 
across  the  circuit,  and  the  intensity  induced  therein  at  any 
point  may  be  conceived  as  given  by  the  expression 

E  =  [Hv]  (13) 

where  v  is  the  velocity  of  the  tubes.  The  electromotive  force 
around  the  circuit  is  the  line  integral  of  this  expression. 

Furthermore,  if  the  conducting  circuit  is  kept  fixed,  as  before, 
and  the  magnetic  flux  through  it  changed  in  any  way  by  the 
alteration  of  adjacent  magnets  or  circuits,  or  currents  in  these 
circuits,  an  e.  m.  f.  is  developed  and  is  equal,  again,  to  the  rate 
of  decrease  of  magnetic  flux  through  it.  In  this  case  also  we 
may  conceive  the  (closed)  tubes  of  magnetic  induction  to  move 
across  the  circuit,  producing  therein  at  any  point  an  intensity 
given  by  (13). 

If  the  circuit  is  not  conducting,  but  is  merely  a  path  drawn  in 


1504         BARNETT:  ELECTROMAGNETIC  INDUCTION   [Oct.  10 

an  insulator  or  in  the  free  ether,  the  electromotive  force 
around  it  and  the  electric  intensity  at  any  point  of  it  are  given 
by  the  same  expressions  as  before.  The  displacement,  the 
effect  of  the  intensity,  of  course  differs  with  the  conditions. 

There  is  never  any  essential  difficulty  in  determining  the 
induced  e.  m.  f.,  or  line  integral  of  the  induced  intensity, 
around  a  complete  circuit  from  the  Faraday-Neumann  law; 
but  the  application  of  equation  (13)  to  the  determination  of 
the  intensity  at  a  point  is  often  impossible.  For,  except  in 
very  special  cases,  we  do  not  know  the  velocities  of  the  tubes 
of  induction.  Indeed,  in  certain  cases  the  very  conception  of 
the  motion  of  tubes  of  induction  appears  to  many  to  be  without 
meaning. 

Consistently  with  experiment,  however,  the  theory  has  been 
put  in  such  a  form  by  Maxwell,  Clausius,  and  Lorentz,  as  to 
give  for  the  induced  intensity  at  a  point,  an  expression  which 
depends  only  on  the  motion  of  the  electrons  which  produce  the 
magnetic  field  and  the  time.  ^ 

If  ei  denotes  the  (fixed)  charge  of  a  certain  electron,  ri  its 
distance  from  the  point  P  at  which  the  induced  intensity  is  to 
be  determined,  and  vi  its  velocity,  then  at  the  time  t  the  vector 
potential  at  P  due  to  this  electron  is  by  definition. 


Ti 


the  (changing)  quantities  vi  and  ri  being  the  velocity  and 
distance  at  a  time  earlier  than  the  time  t  by  the  interval 
required  for  an  electric  wave  to  travel  from  the  electron  to  P. 
The  vector  potential  A  at  P  due  to  all  the  moving  electrons  is 


the  vector  sum  of  all  the  minute  vector  potentials  A  i  = 


hx  vi 


A  =  ^ ,  etc.    That  is  A  =  vector  2  Ai  =  vector  2— ' — - 

In  terms  of  this  vector  potential  A  the  expression  for  the  in- 
duced intensity  is  simply 

and  the  electromotive  force  around  the  circuit  is  the  line 
Jnt^TBl  of  this  expression;    Even  in  cases  where  it  is  not  pes- 
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sible  to  determine  the  velocities  of  the  electrons  and  thus 
calculate  A,  it  is  possible  to  determine  whether  A,  and  thus  also 

—t: — ,  changes  when  certain  variations  in  conditions  occur, 

and  thus  to  obtain  useful  information  with  respect  to  E. 

11.  In  many  cases  the  magnetic  field  in  which  a  body  is 
moving  is  changing  with  the  time,  and  we  have  the  motional 
and  induced  intensities  superposed.  Similarly,  they  are  super- 
posed when  the  body  under  experimentation  and  the  agent 
producing  the  field  are  both  in  motion. 

If  the  system  referred  to  as  fixed  is,  instead  of  being  fixed  to 
the  earth,  fixed  to  a  ship  or  car  in  uniform  motion,  there  is  no 
difference  in  observed  results,  according  to  experiments  hitherto 
made.  It  is  understood  that  the  observer  and  instruments 
are  on  board,  though  this  is  often  a  matter  of  no  consequence. 

It  will  be  instructive  to  consider  some  simple  experiments, 
in  part  made  familiar  long  ago  by  Faraday,  with  a  circular 
cylindrical  magnet  A  and  an  adjacent  coaxial  circular  coil  of 
wire  B  with  a  remote  galvanometer  connected  into  the  circuit 
by  long  twisted  leads. 

(1)  If  A  is  fixed  to  the  earth  and  B  moves  along  the  axis, 
there  will  be  a  motional  e.  m.  f .  in  B  and  a  certain  electric 
charge  q  will  traverse  the  galvanometer  for  a  given  change  of 
magnetic  flux  through  B.  (2)  If  now  B  is  fixed  to  the  earth, 
and  A  is  displaced,  the  relative  motion  of  A  and  B  being  the 
same  as  before,  there  will  be  an  induced  e.  m.  f .  in  B  exactly 
equal  to  the  motional  e.  m.  f.  in  the  previous  case,  and  the 
same  charge  q  will  traverse  the  galvanometer. 

It  is  of  no  consequence  whether  the  galvanometer  is  attached 
to  A,  or  to  By  or  to  the  earth.  The  indications  will  be  the 
same,  and  will  appear  the  same  to  observers  on  A,  or  in  B,  or 
on  the  earth. 

Suppose  now  that  the  region  in  which  the  experiments  are 
performed  is  permeated  by  the  ether,  and  for  simplicity  sup- 
pose this  fixed  relatively  to  the  earth. 

When  experiment  (1)  is  performed,  the  only  electric  intensity 
and  displacement  produced  will  be  the  motional  intensity  and 
displacement  in  the  coil. 

When  (2)  is  performed,  there  will  be  the  same  displacement 
in  the  coil,  due  to  an  induced  intensity  equal  to  the  previous 
motional  intensity;  and  at  the  same  time  the  field  about  the 
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coil  and  magnet  will  be  filled  with  circular  lines  of  induced 
intensity  all  coaxial  with  the  magnet  and  due  to  the  motion 
of  its  tubes  of  magnetic  induction.  This  induced  intensity 
will  produce  electric  displacement  in  the  ether,  the  lines  of 
displacement  also  being  coaxial  with  the  magnet. 

The  galvanometer  shows  no  difference  between  the  two 
cases,  but  the  difference  really  exists. 

If  there  is  no  ether,  no  electric  displacement,  aside  from  the 
current  in  the  coil,  will  occur  in  either  case. 

If  an  experiment  takes  place  in  which  relative  motion  between 
A  and  B  occurs  in  an  isolated  region,  and  observers  are  placed 
on  A  and  B,  each  observer  is  likely  to  assume  that  he  is  fixed 
and  that  the  other  is  moving.  The  observer  on  A  will  conclude 
that  there  is  a  motional  e.  m.  f.  in  jB;  while  the  observer  on  B 
will  observe  the  same  e.  m.  f.  but  will  call  it  induced.  A  third 
observer,  fixed  to  neither  A  nor  jB,  will  consider  the  e.  m.  f. 
to  be  partly  induced  and  partly  motional. 

12.  Faraday,  as  we  have  seen,  attempted  to  study  the  dis- 
placement produced  in  insulators  by  the  induced  intensity, 
but  without  success.  Except  for  a  qualitative  experiment  of 
Hertz's^  made  with  high-frequency  oscillations  and  lying 
outside  the  scope  of  this  discussion,  no  successful  experiments 
on  the  displacement  in  material  media  appear  to  have  been 
made.  Kuehne^'  has,  however,  shown  that  a  finite  electrified 
body  in  a  region  traversed  by  moving  tubes  of  magnetic  in- 
duction is  acted  upon  by  a  force  consistent  with  equation  (13). 

13.  Recently,  in  an  investigation  presented  to  the  Physical 
Society,  I  tried  to  find  out  whether,  in  a  certain  special  case, 
the  induced  intensity  produces  electric  displacement  in  the 
ether.'^*  But  I  expressed  to  the  society  an  uncertainty  which 
has  persisted  and  grown,  as  to  the  validity  of  one  of  the 
assumptions  underl5ring  the  method.  The  experiment  will  be 
briefly  considered. 

14.  Suppose  an  air  condenser,  with  horizontal  plates  A  B, 
short-circuited  by  a  wire  C  and  placed  in  a  uniform  magnetic 
field  whose  lines  of  induction  are  parallel  to  the  plates.  Sup- 
pose that  the  condenser  is  screened  (an  absolutely  essential 
precaution)  by  being  placed  symmetrically  within  a  metallic 
box  whose  faces  are  parallel  and  perpendicular  to  the  plates, 
and  that  the  upper  plate  is  connected  to  the  top  of  the  box  by 
a  wire  F, 

If  the  box  and  condenser  move  together  in  the  magnetic 
ffeld  parallel  to  the  plates  and  perpendicular  to  the  lines  of 
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induction,  the  plates  will  become  charged,  but  the  charge  on 
the  lower  face  of  each  plate  will  be  equal  and  opposite  to  the 
charge  on  the  upper  face  of  the  same  plate.  If  during  the 
motion  the  lower  plate  is  removed  and  tested  for  total  charge, 
it  will  thus  be  found  uncharged. 

15.  If  the  box  and  condenser  remain  fixed  and  the  magnet  is 
moved,  the  charges  will  be  exactly  as  before  on  the  hypothesis 
that  there  is  no  ether.  If  the  ether  exists,  however,  there 
will  be  no  electric  displacement  anywhere  within  the  box,  and 
the  plates  will  be  without  charge  on  either  side.  The  test  of 
the  lower  plate  for  total  charge  will  thus  give  the  same  result 
as  before,  and  the  experiment  will  not  discriminate  between  the 
two  hypotheses. 

16.  Imagine  the  magnetic  field  to  be  sharply  divided  into 
two  parts  by  the  plane  passing  through  the  upper  surface  of 
the  lower  plate  B,  the  complete  field  throughout  the  region 
occupied  by  the  box  remaining  uniform,  but  the  tubes  of  in- 
duction of  the  lower  part  remaining  fixed  like  the  condenser, 
while  the  tubes  of  the  upper  part  move  when  the  magnet  moves. 
In  the  attempt  to  accomplish  this  end  I  used  two  similar  mag- 
nets, symmetrically  placed  with  respect  to  the  plate  B,  the 
lower  one  fixed  to  the  condenser. 

If  this  arrangement  secures  the  end  desired,  and  the  con- 
denser remains  fixed  while  the  upper  magnet  moves,  the  result 
will  be  different  according  to  the  hypothesis  made  with  regard 
to  the  ether. 

If  there  is  no  ether  the  upper  surface  of  the  lower  plate  of 
the  condenser  will  become  charged,  there  being  now  no  in- 
tensity or  displacement  beneath  the  lower  plate.  If  the 
ether  exists,  the  plate  will  be  uncharged. 

Experiments  made  in  this  way  have  shown  that  the  lower 
plate  of  the  condenser  does  not  become  charged  when  the  upper 
magnet  moves. 

If,  however,  the  assumption  made  above  with  reference  to 
the  division  of  the  magnetic  field  and  the  application  of  equation 
(13)  under  these  circumstances  are  not  justified,  and  the  prin- 
ciple of  superposition  holds  in  such  a  way  that  the  two  magnets 
independently  produce  their  individual  effects,  the  lower 
magnet  will  produce  no  effect  (at  the  critical  time)  and  the 
upper  magnet  will  act  exactly  like  the  single  magnet  of  Sections 
14  and  15  (but  with  a  non-uniform  field,  which  does  not  affect 
the  theory  essentially),  producing  no  (total)  charge  on  the 
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lower  plate  on  either  hypothesis.  This  is  the  result  to  be  ex- 
pected from  the  application  of  equation  (14).  In  this  case 
the  experiments  simply  confirm  Section  15.*^ 

17.  We  come  now  to  the  subject  of  unipolar  induction."  In 
one  of  Faraday's  experiments  a  symmetrical  magnet  rotating 
uniformly  about  its  axis  was  touched  by  a  wire  ACB,  including 
the  coil  of  a  galvanometer,  at  two  points  A  and  B,  one  near 
the  axis  at  one  end,  the  other  on  the  cylindrical  surface  near 
the  center.  An  e.  m.  f .  was  developed  in  the  circuit  equal 
to  that  which  would  be  developed  if  the  magnet  remained  fixed 
and  the  conductor  ACB  moved,  the  relative  motion  being 
the  same  as  before. 

In  another  experiment  a  copper  disk  was  mounted  coaxially 
close  to  one  end  of  the  magnet  and  a  galvanometer  C  con- 
nected to  two  points  A  and  B  near  the  center  and  edge  of  the 
disk.  When  the  disk  rotated,  an  e.  m.  f.  equal  to  that  which 
would  be  produced  by  the  same  relative  motion  of  A  C  B, 
was  developed  as  before,  whether  the  magnet  rotated  or  not. 
But  no  current  traversed  the  galvanometer  when  the  disk 
remained  fixed. 

Similar  results  are  obtained  when  the  magnet  is  replaced  by 
an  electromagnet  or  by  an  electric  coil  wound  on  a  non-mag- 
netic core. 

18.  Faraday  considered  his  experiments  to  prove  that  the 
tubes  of  magnetic  induction  remain  fixed  and  that  the  magnet 
and  disk  move  through  them,  the  e.m.f.  thus  being  a  pure 
motional  e.m.f.  with  the  disk  or  the  magnet  itself  as  its  seat. 

It  was  pointed  out  by  Tolver  Preston,"  however,  that  the 
results  are  equally  well  explained  by  the  assumption  that  the 
tubes  of  magnetic  induction  share  the  rotary  motion  of  the 
magnet  and  produce  an  induced  e.  m.  f.  by  cutting  the  con- 
ductor ACB. 

19.  Faraday's  experiments  have  been  repeated  with  various 
modifications  a  great  many  times,  but  the  problem  of  the  seat 
of  the  e.m.f.  was  brought  no  nearer  to  a  solution  until  the  ex- 
periments of  E.  Lecher  were  published**  in  1895.  Lecher  made 
three  beautiful  experiments,  two  of  which,  at  least,  are  quite 
diflScult  to  explain  except  on  the  assumption  that  the  tubes 
of  magnetic  induction  remain  fixed,  or  that  the  seat  of  the 
e.  m.  f.  is  in  the  moving  part  of  the  circuit. 

In  one  of  these  experiments,  for  which  alone  we  have  space, 
two  similar  electromagnets  were  mounted  coaxially  and  near 
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together,  with  the  current  in  both  coils  in  the  same  direction. 
A  galvanometer  was  connected  in  the  usual  way  to  two  points 
on  one  of  the  magnets.  It  was  found  that  the  current  de- 
pended entirely  on  the  motion  of  this  magnet,  being  the  same 
whether  the  other  magnet  rotated  in  either  direction  or  re- 
mained at  rest.  On  the  assumption  that  the  seat  of  the  e.  m.  f . 
is  the  moving  magnet  the  explanation  of  this  result  is  quite 
obvious.  Improbable  assumptions  are  necessary  to  explain 
it  on  the  other  hypothesis.  By  making  suflScient  assumptions 
however,  this  is  possible;  and  Lecher  did  not  consider  his  ex- 
periments entirely  conclusive. 

20.  Many  students  of  physics  have  thought  that  this  problem 
could  be  solved  by  experiments  on  so-called  open  circuits — 
experiments  in  which  static  charges,  or  forces  on  bodies  with 
such  charges,  would  be  looked  for  instead  of  permanent  gal- 
vanometer currents.  The  list  includes  Weber,  Tolver  Preston, 
Hertz,  Lodge,  Lecher,  and  others.  But  the  theories  on  which 
s  ch  experiments  and  proposed  experiments  have  been  based 
appear  to  be  fallacious. 

21.  As  a  particular  case,  consider  a  long  cylindrical  air 
condenser  placed  in  a  uniform  magnetic  field  with  lines  of  in- 
duction parallel  to  its  axis  and  short-circuited  by  disks  closing 
the  ends.  If  this  condenser  were  rotated  about  its  axis  it 
would  become  charged  by  the  motional  e.m.f.  in  the  disks, 
the  charge  of  the  inner  armature,  the  one  assumed  to  be 
tested,  being  equal  to  this  e.  m.  f.  multiplied  by  the  capacity. 

If,  however,  the  condenser  and  wire  remain  fixed,  and  the 
agent  producing  the  magnetic  field  rotates  about  the  axis, 
the  relative  motion  being  the  same  as  before,  the  result  to  be 
expected  depends  on  the  hypothesis  made  with  respect  to  the 
ether. 

First  suppose  that  the  ether  does  not  exist.  If  the  tubes  of 
induction  do  not  move,  the  condenser  will  remain  uncharged. 
If  the  tubes  of  induction  move  with  the  agent,  an  e.  m.  f .  will 
be  induced  in  the  disks  producing  a  potential  difference  in  the 
opposite  direction  through  the  condenser  and  charging  it  as 
when  the  condenser  moved. 

If,  on  the  other  hand,  the  ether  exists,  there  will  again  be 
no  charge  in  case  the  tubes  of  induction  remain  fixed.  If  the 
tubes  of  induction  move,  however,  there  will  be  superposed  on 
the  charge  due  to  the  potential  difference  developed  in  the 
corresponding  case  for  no  ether  an  equal  and  opposite  charge 
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due  to  the  e.  m.  f.  induced  in  the  ether  between  the  arm- 
atures. There  will,  as  before,  be  no  change  on  the  inner 
surface  of  the  inner  armature.  Thus  it  will  remain  uncharged, 
just  as  if  the  tubes  of  induction  had  remained  fixed. 

Thus  if  the  armature  should  become  charged  in  such  an 
experiment  it  would  prove  that  the  ether  as  an  electrical 
medium  does  not  exist,  and  that  the  tubes  of  induction  move. 

But  if  the  armature  should  not  become  charged,  the  ex- 
periment would  prove  only  that  either  (1)  the  ether  does  not 
exist  and  the  tubes  of  induction  do  not  move,  or  (2)  the  ether 
exists. 

22.  In  1912  I  completed  an  extended  series  of  experiments 
of  this  kind,  not  with  the  hope  (which  I  originally  had)  of 
solving  the  problem  of  unipolar  induction,  but  to  get  what 
information  they  might  yield  on  the  relations  between  electro- 
magnetic induction  and  relative  motion.^ 

The  experiments  show  that  the  condenser  does  not  become 
charged,  the  experimental  error  being  a  small  fraction  of  the 
charge  the  condenser  would  receive  if  it  rotated  while  the 
agent  producing  the  field  remained  fixed. 

This  is  the  first  case  in  electromagnetic  induction  in  which 
it  has  been  proved  that  the  observed  effect  does  not  depend 
entirely  on  the  relativity  of  the  motion  of  the  essential  material 
systems  involved. 

23.  If  the  condenser  and  short-circuiting  disks  are  made  to 
rotate  together  with  the  agent  producing  the  field,  there  will 
be  superposed  on  the  (zero)  charge  of  the  condenser  in  my 
exi)eriments  a  charge  equal  to  that  it  would  take  if  the  agent 
producing  the  field  remained  fixed  and  the  condenser  rotated. 
Rotating  the  agent  alone  produces  no  charge;  rotating  the 
condenser  and  disks  alone  produces  a  charge.  When  both  are 
rotated  together  the  effects  must  be  superposed. 

This  corollary  of  my  experiments  has  been  confirmed  in  each 
of  two  recent  investigations;  one  by  Kennard,'®  who  had  done 
earlier  work  in  this  field;  and  one  by  Pegram.^^ 

In  their  experiments  the  apparatus  was  essentially  similar 
to  my  own,  but  the  condenser  and  coil  were  both  made  to  rotate. 
The  condenser  was  found  to  become  charged  in  accordance 
with  the  theory. 

In  this  last  rotation  experiment  we  have  a  positive  effect  of 
electromagnetic  induction  without  any  relative  motion  be- 
tween the  essential  material  parts  of  the  system.    In  my 
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own  rotation  experiments  we  have  a  zero  effect  with  a  positive 
relative  piotion.  Neither  group  of  experiments,  however, 
is  inconsistent  with  the  principle  of  relativity  of  Einstein, 
which  relates  to  translatory  motion  only,  or  with  the  theories 
of  Maxwell  and  Lorentz. 

These  exx)eriments  do  not  seem  to  me  to  solve  the  old  prob- 
lem of  unipolar  induction.  As  shown  above  (Section  21)  they 
prove  either  (1)  that  the  ether  does  not  exist  and  that  the 
tubes  of  induction  do  not  move,  or  (2)  that  the  ether  exists. 
If  we  had  evidence  that  the  ether  does  not  exist,  the  ex- 
periments would  prove  that  the  tubes  of  induction  remain 
fixed. 

24.  The  simplest  assumption  which  will  account  for  all  the 
unipolar  phenomena  is  Faraday's  assumption  that  the  tubes 
of  induction  are  fixed  and  that  the  e.  m.  f.  is  a  pure  motional 
e.  m.  f .  in  the  moving  conductors.  The  electron  theory,  more- 
over, supports  this  assumption  in  the  simplest  case  to  which 
it  can  be  applied,'^  viz.  that  of  a  thin  solenoid  carrying  a  direct 
current  .and  rotating  about  its  axis.  When  the  solenoid  is 
rotated  there  is  simply  superposed  on  the  conduction  current 
density  at  any  point  of  the  solenoid  a  convection  current 
density  of  identical  nature  and  zero  magnitude,  since  the 
positive  and  negative  charges  per  unit  volume  of  the  conductor 
are  equal.  And  this  could  not,  apparently,  affect  in  any  way 
the  state  of  the  magnetic  field. 

For  practical  purposes,  however,  it  is  of  no  consequence  which 
assumption  is  made.  On  the  simpler  hypothesis,  the  calcula- 
tion of  the  e.  m.  f .  may  be  made  from  equation  (2) ;  on  the  other, 
from  equation  (13);  and  on  either  hypothesis,  or  any  combina- 
tion of  the  two,  it  inay  'be  calculated  from  the  rate  of  change  of 
flux  through  the  circuit  from  the  brush  A  in  contact  with  the 
cylindrical  surface  of  the  magnet,  through  the  galvanometer 
to  the  brush  B  in  contact  with  the  center  of  the  end  surface  of 
the  magnet,  from  B  to  a  point  C  fixed  on  the  magnet  in  the 
same  transverse  circle  with  A,  and  from  C  along  the  arc  of  the 
circle  to  the  brush  A.  With  the  uniform  growth  of  the  arc 
AC,  which  contributes  nothing  to  the  e.  m.  f .  and  may  encircle 
the  cylinder  any  number  of  times,  the  flux  through  the  circuit 
changes  at  the  same  uniform  rate  on  any  hypothesis. 

25.  This  arrangement,  essentially  the  unipolar  or  homopolar 
generator,  in  which  the  rotation  takes  place  about  the  axis 
of  a  symmetrical  field  and  one  part  of  the  system  cuts  the  flux 
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uniformly  and  always  in  the  same  direction,  is  clearly  the  only 
one  in  which  a  steady  direct  current  can  be  electromagnetically 
produced  by  rotation  without  commutation.  With  rotation 
about  any  other  axis  the  e.  m.  f.  will  fluctuate  or  alternate 
periodically. 
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PRESENT  LIMITS  OF  SPEED  AND  POWER  OF 
SINGLE-SHAFT  STEAM  TURBINES 


BY  J.  F.  JOHNSON 


Abstract  OP  Paper 

This  pa[)er  will  be  restricted  to  a  discussion  of  some  of  the 
factors  which  influcDce  limits  as  applving  particularly  to  tur- 
bines of  the  reaction  type.  With  the  employment  of  high 
vacua  the  limit  of  power  will  be  determined  largely  by  the  area 
obtainable  through  the  last  stage. 

Limiting  factors  incline: 

1.  Chosen  maximum  values  of  steam  speed  through  the 
blades  in  order  to  keep  the  leaving  losses  within  permissible 
limits.  For  highest  efficiencv  the  steam  speed  should  be  about 
25  per  cent  greater  than  the  blade  speed,  but  in  the  last  stages  it  is 
sometimes  made  100  per  cent  greater  as  a  compromise  l^tween 
efficiency  and  cost.  Similarly  the  outlet  angle  of  the  blades  is 
increased  from  20  deg.  to  35  deg. 

2.  Physical  characteristics  of  materials  employed  and  chosen 
limits  to  which  these  may  be  safely  stressed.  By  varying  the 
form  of  rotor  construction  stresses  in  it  may  usually  be  kept 
within  necessary  limits  up  to  the  point  at  which  limiting  stresses 
in  the  blades  or  blade  fastenings  are  reached.  For  any  given  ro- 
tative speed  and  blade  angle  the  steam  capacity  is  directly  pro- 
portional to  the  stress  at  the  base  of  the  blades  regardless  of 
the  diameter  and  blade  height. 

3.  Capacity  limits  of  manufacturing  facilities,  increased 
bracing  and  clearances  necessary  to  insure  requisite  rigidity  and 
reliability,  and  capacity  loss  due  to  outages  for  inspection  and 
repair. 

Fi^.  6  shows  maximum  capacity  at  various  speeds  which  are 
physically  possible  without  exceeding  present  limits  of  stresses. 
It  is  valuable  chiefly  as  showing  the  physical  relation  between 
spoe<l  and  capacity  with  given  limiting  stress  values. 


THE  recent  rapid  development  of  steam  turbine-driven 
electric  power-generating  units  of  large  capacity  has 
prompted  your  Society  to  undertake  a  study  of  the  present 
limits  of  speed  and  power  for  such  units.  This  paper  will  be 
restricted  to  a  discussion  of  some  of  the  factors  which  deter- 
mine or  influence  such  limits  as  applying  particularly  to  tur- 
bines of  the  reaction  type. 

With  the  employment  of  high  vacua,  such  as  is  the  present 
universal  practise,  the  limit  of  power  of  a  turbine  operating  at 
a  given  speed  will  be  determined  largely  by  the  area  obtainable 
through  the  last  stage  for  the  final  expansion  and  passage  of 
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the  steam  prior  to  its  entering  the  condenser.  The  significance 
of  this  will  be  apparent  when  attention  is  called  to  the  fact 
that  whereas  a  pound  of  steam,  when  entering  the  first  stage, 
has  a  volume  of  less  than  2J^  cu.  ft.,  when  passing  through  the 
last  stage  it  has  a  volume  of  approximately  395  cu.  ft.  when 
expanded  to  28  J^  in.  vacuum,  and  585  cu.  ft.  when  expanded  to 
29  in.;  a  ratio  in  the  latter  case  of  1  to  234. 

Consequently,  in  any  discussion  of  limits  of  power,  it  will 
be  necessary  to  assume  conditions  of  pressure  and  superheat 
of  the  steam  entering  •  the  turbine,  the  vacuum  to  which 
the  steam  is  to  be  expanded  in  the  blading,  and  the  eflSiciency 
or  rate  of  steam  flow  per  unit  of  power.  For  these  conditions 
250  lb.  gage  pressure  with  200  deg.  fahr.  superheat  and  29-in. 
vacuum  referred  to  a  barometer  of  30  in.,  and  efficiencies  as  are 
commonly  obtainable  with  them,  will  be  used. 

Limiting  factors  may  be  divided  into  three  classes:  First; 
Theoretical,  including  limiting  steam  velocities  and  effect  on 
efficiency  of  velocity  remaining  in  steam  after  leaving  the  last 
stage,  and  the  area  through  the  blades  as  affected  by  blade 
angle.  Second;  Physical,  including  methods  of  construction, 
materials,  stresses,  factor  of  safety  against  rupture,  reliability 
factor,  and  limitations  of  transportation  facilities.  Third; 
Economic,  including  limits  beyond  which  it  may  be  physically 
possible,  but  economically  inadvisable,  to  go,  such  as  effect  of 
size  of  structure  or  of  character  of  materials  employed  on  cost, 
and  time  required  to  make  inspection  and  repairs. 

Theoretical  Limits 

In  this  class  there  are  but  few  limitations  as  affecting  capacity 
at  a  given  speed  because  with  materials  of  infinite  strength  and 
rigidity  available  it  would  be  possible  to  build  units  of  infinite 
capacity;  but  for  a  given  diameter  and  blade  height  the  capac- 
ity will  be  limited  by  chosen  maximum  values  of  steam  speed 
through  the  blades,  in  order  to  keep  the  leaving  losses,  or 
available  energy  in  the  steam  discharged  to  the  condenser, 
within  permissible  limits.  Throughout  the  entire  turbine,  with 
the  exception  of  the  last  few  stages,  steam  speeds  only  about 
25  per  cent  in  excess  of  the  corresponding  blade  speeds  are 
employed  in  order  to  secure  maximum  efficiency.  In  the  latter 
stages,  however,  the  volumes  become  so  great  that  a  compro- 
mise between  maximum  theoretical  efficiency  and  physical 
dimensions  becomes  advisable  by  increasing  the  steam  speed 
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sometimes  tx)  approximately  100  per  cent  in  excess  of  the  blade 
speed.  The  steam  after  being  discharged  from  the  last  stage, 
therefore,  still  contains  a  small  portion  of  available  energy  the 
recovery  of  which  would  involve  disproportionate  expense. 

For  example,  if  the  pressure  drop  in  the  last  stage  is  such  as 
to  render  available  for  work  thirty  heat  imits  which  will 
produce  an  equivalent  velocity  of  1225  ft.  per  sec.,  and  if  the 
blade  speed  is  such  that  the  steam  after  leaving  it  still  has  a 
velocity  of  600  ft.  per  sec.,  which  is  the  equivalent  of  7.2  B.  t.  u., 
this  7.2  B.  t.  u.  will  be  totally  lost,  whereas  probably  80  per  cent 
of  it,  (or  6  B.  t.  u.),  might  be  recovered  were  it  practicable  to 
use  an  additional  stage  of  proper  proportions.  This  would 
improve  the  total  eflSciency  of  the  turbine  approximately  1}^ 


218_^  420 


B 


D 


Fig.  1 


per  cent.  Higher  blade  speeds  will  tend  to  improve  the  effi- 
ciency by  reducing  leaving  losses,  but  generally  not  as  effec- 
tively as  would  larger  blade  areas  with  lower  steam  velocities 
and  correspondingly  increased  number  of  stages. 

Having  fixed  the  height  of  a  row  of  blades,  the  area  of  the 
steam  space  is  dependent  upon  the  angle  formed  between  the 
center  line  of  the  row  of  blades  and  the  outlet  portion  of  the 
blade.  The  smaller  this  angle  is  the  smaller  will  be  the  area 
and  vice  versa.  On  the  other  hand  the  smaller  this  angle  the 
higher  the  efficiency  because  of  the  lesser  absolute  velocity  left 
in  the  steam  discharged  to  the  condenser. 

In  Fig.  lA  is  shown  a  relation  between  steam  speed  and  blade 
speed  to  give  highest  efficiency.    The  blade  speed  is  600  ft.  per 


1618  JOHNSON:  STEAM  TURBINES  [Nov.  14 

secv  steam  speed  638  ft.  per  sec,  blade  angle  20  deg.  and  steam, 
speed  after  leaving  blades,  218  ft.  per  sec.  in  direction  at  right 
angles  to  direction  of  rotation.  Fig.  iB  shows  a  similar  condi- 
tion pving  maximum  obtainable  efficiency  employing  a  35 
deg.  blade  angle  and  Fig.  Ic  a  condition  in  which  the  steam 
speed  is  100  per  cent  greater  than  the  blade  speed. 

The  leaving  losses  are,  in  Fig.  lA,  218  ft.  per  sec.,  Fig.  iB,  420 
ft.  per  sec.,  and  Fig.  Ic,  785  ft.  per  sec.,  which  is  the  equivalent 
of  0.95,  3.5,  and  12.3  B.  t.  u.  respectively. 

The  steam  area  is  ordinarily  expressed  as  a  ratio  of  the  per- 
pendicular distance  between  blades,  to  the  pitch  of  the  blades, 
as  a/6  (see  Fig.  Id).  Highest  actual  efficiency  is  obtained  by 
keeping  this  ratio  between  0.25  and  0.3,  and  this  is  done  in  all 
stages  except  the  last  few  in  high  vacuum  machines  where  it  is 
increased  to  a  maximum  of  0.5,  the  equivalejit  angle  being 
about  35  deg.  which  includes  proper  allowance  for  blade  thick- 
ness; this  ratio  having  been  determined  upon  as  a  proper 
compromise  between  cost  of  increased  blade  height  and  loss  of 
efficiency  due  to  increased  terminal  loss. 

Some  European  manufacturers  have  employed  ratios  as 
large  as  0.65  and  0.7. 

Physical  Limits 

Chief  among  the  physical  factors  limiting  turbine  capacity 
are  the  physical  characteristics  of  the  material  employed  and 
the  chosen  limits  to  which  these  materials  may  be  safely 
stressed,  bearing  in  mind  that  either  uniformity  of  quality,  or 
factor  of  safety  sufficient  to  cover  all  possible  variations, 
together  with  inaccuracies  in  calculation  and  irregularities  of 
operation,  must  be  provided  for.  While  alloy  steels  possessing 
exceptionally  high  physical  characteristics  are  procurable,  their 
high  qualities  depend  on  relatively  sensitive  metallurgical 
processes  which  in  the  opinion  of  some  engineers  cannot  as  yet 
be  carried  out  by  regular  workmen  as  a  manufactxiring  process 
with  a  sufficient  degree  of  reliability  to  justify  their  use,  and 
that  until  this  can  be  done,  conservatism  demands  adherence 
to  the  lower  strength ,  lesser  sensitive  materials.  Such  materials 
may,  with  suitable  forms  of  construction,  be  safely  stressed 
under  the  maximum  test  condition  to  within  a  few  thousand 
pounds  of  their  true  elastic  limits. 

When  the  construction  of  the  rotor  is  not  limited  to  any  one 
special  form,  the  design  may  be  varied  so  as  to  take  full  advan- 


1919] 


JOHNSON:  STEAM  TURBINES 


1519 


tage  of  the  low  speeds  in  the  high  and  intermediate  stages, 
(where  low  speeds  must  be  used  in  order  to  secure  high  effi- 
ciency), by  employing  a  drum  the  thickness  of  which  may  be 
varied  to  keep  the  stresses  within  desired  limits;  while  in  low 
pressure  stages  where  the  stresses  are  highest,  either  disks 
carried  on  a  shaft,  or  solid  disks  suitably  held  together,  may  be 
employed.  With  the  solid  disk  construction  the  stresses  may 
be  kept  within  any  reasonable  limits  up  to  speeds  at  which  the 
design  becomes  too  massive  and  expensive. 

The  steel  regularly  used  by  the  Westinghouse  company  for 
turbine  rotors  conforms  to  the  following  characteristic  specifi- 
cations: 

Test  rings  taken  as  close  as  possible  to  the  point  of  maximum 
stress  must  show  the  following  characteristics  with  standard 
two-in.  specimens: 


-12  R  2  In. 


-/^ 


Fig.  2 


Tensile  strength  65,000  to  70,000  lb.  per  sq.  in. 

True  elastic  limit  22,000  to  25,000  lb.  per  sq.  in. 

Elongation  15  per  cent  to  18  per  cent. 

Reduction  of  area  20  per  cent  to  25  per  cent. 

The  steel  must  be  of  best  quality,  having  approximately  0.25 
per  cent  carbon,  0.50  to  0.60  per  cent  manganese,  0.25  per  cent 
silicon,  and  not  over  0.025  per  cent  sulphur  or  of  phosphorus. 

The  material  is  obtained  ordinarily  in  the  form  of  castings, 
though  occasionally  as  forgings.  The  specifications  in  either 
case  are  the  same.  Especially  in  the  larger  sizes  the  forgings 
have  been  difiicult  to  obtain,  excessively  expensive,  and  no 
more  uniform  or  reliable  in  quality  than  the  castings. 

Fig.  2  shows  the  form  of  casting  for  a  rotor  end.  It  is  cast 
vertically  with  the  small  end  down,  and  after  casting,  is  allowed 
to  cool  very  slowly  in  the  sand.    After  removal,  the  entire 
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upper  portion  which  constitutes  the  riser,  is  cut  off  and  the 
casting  then  thoroughly  annealed  by  being  heated  slowly  and 
evenly  to  a  temperature  of  about  1650  deg.  fahr.  and  allowed 
to  cool  very  slowly.  It  is  then  rough  machined  to  within 
about  34  in.  of  finished  surface,  after  which  it  is  put  in  a  furnace 
and  heated  to  about  1100  deg.  fahr.  and  allowed  to  cool  slowly 
to  remove  any  possible  internal  stresses  set  up  by  reason  of  the 
metal  removed  in  machining.  It  is  then  finish  machined  and 
given  no  further  treatment  of  any  kind. 

The  limit  of  stress  to  which  this  material  is  subjected  is 
20,000  lb.  per  sq.  in.  when  operating  at  a  speed  20  per  cent  in 
excess  of  the  normal  operating  speed.    The  stress  at  normal 

si)eed  is  therefore   .^ '     ^  =  13,900  lb.    This  stress  is  63  per 

cent  of  the  minimum  allowable  true  elastic  limit,  about  46  per 
cent  of  the  yield  point  and  213^  per  cent  of  the  minimum  ulti- 
mate strength.  It  is  not  generally  appreciated  that  should  the 
stress,  by  reason  of  defect  or  excessive  overspeed,  exceed  the 
true  elastic  limit,  no  injury  will  result  other  than  a  slight  per- 
manent stretch,  together  with  such  blade  damage  as  may 
result  therefrom.  In  an  extreme  case  of  overspeed  the  rotor 
drum  or  solid  disk  will  stretch  sufficiently  to  cause  blading  to 
rub  to  such  an  extent  as  to  practically  insure  entirely  destroy- 
ing it,  and  thus  prevent  further  overspeed,  before  the  ultimate 
strength  and  elongation  of  the  material  is  reached. 

If  the  rotor  design  can  be  so  modified  as  to  always  keep  the 
stresses  within  neqessary  limits,  then  the  stress  at  the  base  of 
the  blades,  or  in  blade  fastenings,  determines  the  maximum 
capacity  obtainable  with  a  given  speed. 

There  exists  two  interesting  relations  between  the  stress  at 
the  base  of  blades,  steam  passage  area  through  the  blades,  and 
rotative  speed.  For  any  given  rotative  speed  and  blade  angle, 
the  steam  capacity  or  steam  area  through  the  blades  is  directly 
proportional  to  the  stress  at  the  base  of  the  blades,  regardless  of 
the  diameter  and  blade  height  selected.  This  stress  can  only  be 
modified  by  unevenly  varjring  the  cross  sectional  area  of  the 
blades,  such  for  example,  as  thickening  the  blade  near  the  base. 
Also  for  any  given  stress  the  area  through  the  blades  wiU  vary 
inversely  (w  the  square  of  the  speed,  i.  e.,  if  at  a  speed  of  1800 
rev.  per  min.  a  given  stress  and  area  are  obtained,  then  at  900 
rev.  per  min.  the  area  will  be  increased  four  times  if  the  stress 
is  kept  constant. 
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These  relations  will  be  readily  seen  from  the  following  for- 
mulas: 

Area  through  blades  =  t  X  M  D  X  H  XR. 

If  R  constant  =  Constant  X  M  D  X  H 

W  V^ 
And  stress  at  base  of  blades  =  —^ — 


0.284  XH  X  (  rev.permin.  XMD 
=  for  steel 


(rev,  per  min.  X  Af  D  \ 
229  / 


32.16  X    ^  ^ 


24 


^  0.284  x24xAfZ)xHX  (rev,  per  min.)' 

32.16  X  (229)2 

If  rev.  per  min.  is  constant  =  constant  X  M  D  X  H. 

Where     H  =  Blade  height  in  inches. 

M  D  =  Mean  diameter  of  blades  in  inches. 

R  =  Ratio  of  area  through  blades  to  total  annular 
area  occupied  by  blades. 
0.284  =  Weight  of  blade  material  in  lb.  per  cu.  in. 

The  area  and  stress  are  therefore  each  equal  to  a  constant 
times  the  product  of  mean  diameter  and  blade  height,  and 
when  the  stress  is  constant  this  product  will  vary  inversely  as 
the  square  of  the  rev.  per  min. 

The  ratio  of  blade  height  to  rotor  diameter  is,  therefore,  not 
a  factor  in  determining  physical  limit  of  capacity,  but  only  in 
determining  efficiency,  cost,  and  to  some  extent,  reliability  of 
the  turbine. 

Blading  used  in  impulse  stages  and  in  low  pressure  reaction 
stages  in  which  stresses  exceed  15,000  lb.  per  sq.  in.  at  20  per 
cent  overspeed  is  made  of  a  5  per  cent  electric  furnace  nickel 
steel  in  which  the  carbon  sulphur  and  phosphorus  are  kept 
very  low.  It  is  really  a  nickel  iron  having  a  very  fine  close 
structure. 

Its  physical  and  chemical  characteristics  are  as  follows: 

Tensile  strength 65,000  lb.  per  sq.  in.  minimnin 

True  elastic  limit 35,000  lb  per  sq.  in.  minimum 

Elongation  in  2  in 30  per  cent  minimum 

Reduction  of  are^r 60  per  ceat  mimmu];i^. 
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Carbon,  not  over 0.08  per  cent 

Silioan,  not  over 0. 10  per  cent 

PhoflpboruH,  not  over 0.025  per  cent 

Sulphur,  not  over 0.04  per  cent 

M&ngimese 0 . 40  to  0. 50  per  cent 

Nickel 4.5  to  5.5  per  oent 

This  material  is  annealed  by  heating  to  1425  deg.  fahr.  and 
cooled  in  open  air  after  rolling  into  sections  required  for  forming 
into  various  blade  shapes,  and  is  given  no  further  heat  treat- 
ment. 

The  maximum  stress  at  20  per  cent  overspeed  to  which  this 
material  is  subjected  is  25,000  lb.  The  corresponding  stress  at 
normal  speed  is,  therefore,  17,350  lb.,  this  being  49  per  cent  of 


Pio.  5 


the  true  elastic  limit,  and  26H  P^r  <^6iit  of  minimum  ultimate 
strength. 

For  the  lower  stress  reaction  blading,  a  copper  tin  and  phos- 
phor bronze  is  employed,  consisting  of: 

Copper 97  to  98  per  cent 

Tin 2  to  3  per  cent 

Phosphorus 0.03  to  0.07  per  cent 

Satisfactory  methods  of  blade  fastening  involve  no  problems 
unless  allowable  stresses  in  the  blades  are  very  mat^ially 
hi^er  than  those  in  the  blade  carrying  element. 

Y\g.  3  shows  a  method  used  where  the  stress  at  the  base  of 
the  blade  does  not  exceed  17,500  lb.,  and  Fig.  4  where  stresses 
1 17,500  lb.  and  26,000  lb.  are  involved.    At  26,000  lb. 
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Stress  at  the  base  of  the  blade  the  tenule  stress  in  reduced 
section  of  base  is  11,800  lb.,  and  the  shearing  stress  in  the  blade 
and  blade  carrying  element  is  10,000  lb.  The  compoundude 
wedges  are  employed  to  insure  an  absolutely  tight  fit  of  the 
blade  in  the  groove  so  as  to  protect  the  reduced  section  of  the 
blade  against  any  stresses  other  than  direct  tenaon. 

Increased  capacity  without  decrease  of  rotative  speed  or  in- 
crease of  stresses  may  be  obtained  by  employing  multiple  low 
pressure  stages.  This  well  known  and  popular  expedient  pos- 
sesses the  merit  of  permitting  high-vacuum  turbines  to  be  built 
t  speeds  and  capacities  up  to  approximately  the  present  limits 
of  generator  construction,  without  exceedit^  moderate  diameters 
blade  lengths,  and  s 
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Fig.  5  shows  a  cross  sectional  view  of  a  turbine  typical  of  this 
type. 

Fig.  6  is  a  curve  showing  approximate  maximum  capacities 
at  various  speeds  which  are  phyacally  possible,  employing 
double  flow  construction  without  exceeding  the  limits  of  stresses 
previously  given.  For  equal  capacities  employing  angle  flow 
construction  the  stresses  would  have  to  be  doubled.  The  points 
marked  (x)  at  3600, 1800andl500rev.  per  min.  represent  capaci- 
ties which  have  already  been  built.  This  curve  must  not  be  in- 
terpreted as  indicating  suggrated  practicable  present  or  ultimate 
limiting  capacities  of  turbines,  but  merely  as  showing  a  physical 
relation  between  speed  and  capacity  with  given  limiting  stress 
values  and  operating  conditions. 
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An  important  limit  of  size  and  capacity  now  being  approached 
is  that  imposed  by  transportation  facilities.  Stationary  ele- 
ments may  be  readily  sectionalized  as  required  and  assembled 
after  shipment.  Ways  may  be  devised  also  for  partial  dismant- 
ling of  rotor  elements,  although  diameter  will  be  one  of  the  lim- 
iting factors,  and  this  cannot  be  reduced  beyond  the  point  of 
omission  of  blading.  The  low-pressure  rotors  of  the  30,000-kw. 
Interborough  Rapid  Transit  Company  turbines  were  shipped 
with  the  last  stage  blade  carrying  elements  removed. 

While  the  physical  dimensions  and  capacities  of  turbines  are 
being  constantly  increased  it  is  essential  that  the  reliability  fac- 
tor be  not  decreased.  The  emplojmient  of  special  materials  and 
higher  stresses  does  not  usually  permit  increased  capacity  or 
efficiency  without  a  corresponding  increase  in  weight  and  cost, 
unless  reliability  be  compromised. 

If,  having  given  a  satisfactory  reliable  design  of  a  given  capac- 
ity employing  low  stresses,  it  is  proposed  to  transform  it  by  mod- 
ification of  design  and  substitution  of  higher  stresses  into  a  unit 
of  larger  capacity,  greater  blade  lengths  and  probably  greater 
blade  weights,  operating  at  higher  speeds,  and  involving  higher 
centrifugal  forces  will  be  necessary,  in  order  to  secure  the  re- 
quired area.  The  rotor  structure  may  possibly  be  shortened 
somewhat,  but  unless  its  total  weight  is  increased  nearly  in  pro- 
portion to  the  increase  in  stored  energy  in  the  individual  blade; 
the  imbalanced  effect  or  disturbance  caused  by  one  or  more 
blades  breaking  (which  must  be.  recognized  as  an  inevitable  oc- 
currence in  any  turbine)  will  be  greater,  imposing  higher  stresses 
in  the  rotor  shaft,  bearings,  and  bearing  supports;  and  a  greater 
factor  of  strength  will  be  required  to  withstand  these  stresses. 
The  greater  blade  weight  and  higher  speed  will  also  require  in- 
creasing the  mass  of  the  casing  in  order  to  prevent  the  blades 
from  permanently  injuring  and  possibly  breaking  through  it  if 
they  should  fail.  The  endurance  factor  of  a  turbine  when  oper- 
ating under  imperfect  or  abnormal  conditions  will  be  higher  in 
proportion  to  the  ratio  of  stator  mass  to  rotor  mass,  and  of  rotor 
mass  to  blade  mass.  The  incorporation  in  the  design  of  a  tur- 
bine of  features  which  increase  the  endurance  factor  will  appre- 
ciably increase  its  cost  but  will  also  (to  a  very  much  greater  ex- 
tent) increase  its  value  to  the  user. 

Economic  Limits 

In  the  study  of  economic  limits  of  turbines  of  large  capacity, 
consideration  must  be  given  to  the  fact  that  as  yet  such  units 
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are  not  required  in  sufficient  quantity  to  warrant  equipping  and 
operating  shops  for  their  exclusive  manufacture,  and  that  they 
must,  therefore,  be  produced  by  largely  the  same  processes  and 
equipment  as  are  used  for  smaller  sizes  which  are  built  in  greater 
quantities. 

As  sizes  becomes  larger,  a  greater  proportion  of  special  equip- 
ment and  processes  becomes  necessary,  resultingin  increased  rates 
of  cost  unless  accompanied  by  very  material  increase  in  quantity 
of  production.  Under  present  conditions  this  economic  limit 
of  capacity  agrees  closely  with  the  physical  limit  of  1500  rev. 
per  min.  units. 

In  the  larger  low-speed  structures  the  physical  proportions 
become  such  that  using  ordinary  steel  and  cast  iron,  to  which 
we  are  limited  by  the  metallurgical  art,  the  distortions  due  to 
temperature  changes  and  elastic  properties  of  the  materials  are 
such  that  increased  clearances  and  bracing  have  to  be  employed, 
in  order  to  maintain  equal  reliability  and  rigidity  to  a  degree 
which  causes  the  cost  per  kilowatt  for  a  given  efficiency  to 
increase  with  increasing  capacity.  Further  development  of 
the  allied  arts  and  increased  demand  for  larger  units  wil 
tend  to  reduce  the  influence  of  this  limitation  factor. 

Another  factor  tending  to  limit  capacity  of  single  units  is  the 
generating  capacity  loss  resulting  from  suspension  of  service  for 
inspection  or  repairs.  For  example,  if  a  30,000-kw.  imit  must 
be  kept  out  of  service  ten  days  for  a  certain  inspection  or  repair, 
a  60,000-kw.  unit  would  have  to  be  kept  out  probably  fourteen 
days  for  a  similar  purpose  because  of  the  greater  time  required- 
to  handle  the  larger  structure.  Therefore,  if  two  30,000-kw. 
units  were  used  and  each  held  out  of  service  ten  days,  the  outage 
loss  would  be  only  five-sevenths  as  great  as  if  a  single  60,000-kw. 
unit  were  kept  out  fourteen  days. 

In  order  to  avoid  the  limitations  or  undesirable  characteristics 
just  referred  to,  a  number  of  turbine  imits  of  capacities  varying 
from  30,000  to  60,000  kw.  have  been  built  in  which  the  turbines 
have  been  divided  into  two  or  three  separate  compoimded  ele- 
ments, each  driving  its  own  generator,  and  each  capable  of 
operating  alone  on  high  pressure  steam  in  emergencies. 

It  is  believed  that  units  of  this  type  will  continue  to  be  em- 
ployed for  the  larger  capacities  because  of  the  advantages 
not  obtainable  in  single  cylinder  types,  which  will  justify  their 
somewhat  greater  cost. 


Presented  at  the  355th  meeting  of  the  Ameri- 
can Institute  of  Electrical  Engineers,  New  York, 
November  14,  1919. 
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PRESENT  LIMITS  OF  SPEED  AND  POWER  OF  SINGLE 
SHAFT  CURTIS  STEAM  TURBINES 


BY  ESKIL  BERG 

Abstract  of  Paper 

Thk  paper  starts  by  showing  that  the  limit  of  a  sinsle-unit 
turbo  generator  does  not  lie  in  the  generator  but  is  confined  to 
the  steam  turbine,  and  that  the  last  wheel  of  the  turbine  is  the 
limiting  feature. 

The  author  therefore  takes  the  last  wheel  of  an  1800-rev.  per 
min.  turbine,  giving  dimension  stresses,  kind  of  material  used 
etc.,  and  then  designs  two  turbines,  one  having  23  stages  and  the 
other  13  stages,  both  machines  using  this  last  wheel,  and  shows 
that  a  turbine  can  be  built  having  its  most  economical  point  at 
21,000  kw.,  under  steam  conditions  given  in  the  paper. 

Under  this  condition  the  last  stage  absorbs  11.5  per  cent  of  the 
total  adiabatic  available  energy,  and  the  wheel  e£ficienoy  is 
66.25  per  cent.  As  the  load  increases,  the  work  done  in  this 
stage  also  increases,  so  that  at  36,000  kw.  the  energy  is  prac- 
tically doubled,  but  with  a  sacrifice  in  eflficiency  of  a^ut  J8  per 
cent,  which  naturally  lowers  the  efficiency  of  the  turbine  as  a 
whole. 

A  oOOO-kw.,  five-stage,  3600-rev.  per  min.  turbine  load  curve 
is  also  given  and  discussed,  and  the  author  claims  that  if  the 
construction  could  be  made  similar  to  the  large  turbine,  keeping 
the  same  stresses  and  number  of  stages,  a  turbine  of  this  oapac- 
ity  could  be  built  as  efficient  as  the  larger  machine  at  20,000-kw. 


THE  purpose  of  this  paper  is  to  discuss  the  limitations  of 
the  types  of  turbines  used  in  the  more  important  work 
now  done  by  the  General  Electric  Company,  and  to  show  the 
relative  results  which  can  be  accomplished  with  such  designs 
•under  different  conditions  of  load.  Different  mechanical 
arrangements  will  make  practicable  different  characteristics, 
and  the  conditions  shown  only  apply  to  machines  of  these 
particular  designs.  The  design  of  turbines  must  be  governed 
by  many  compromises  and  it  would  not  be  possible  to  give  a 
correct  idea  as  to  the  whole  range  of  possibilities. 

For  piuposes  of  illustration,  two  machines  have  been  selected, 
one  representative  of  the  largest  size  built  for  1800  rev.  per  min. 
and  one  of  the  largest  size  now  built  for  3600  rev.  per  min. 
The  figures  given  relate  to  the  turbine  alone,  and  do  not  include 
generators.    The  generators  used  with  such  turbines  might  be 
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deragned  for  various  power  factors  or  overload  capacities,  and 
would  thus  be  of  different  efficiencies. 

The  turbines  in  question  are  both  of  the  single-flow  type  and 
may  be  considered  representative  of  capacity  limitations  of 
that  type,  since  their  construction  is  that  which  is  adapted  to 
the  highest  capacity.  The  single-unit  turbine  and  generator  is 
naturally  preferable  over  the  tandem  and  compound  type  on 
account  of  simplicity,  lightness,  and  efficiency.  There  are 
however  certain  definite  limitations  in  the  size  for  a  given 
speed  that  these  units  can  be  built  with  material  available  at 
the  present  time.  The  limitation  in  the  size  of  a  unit  for  a 
given  speed  does  not  depend  upon  the  generator,  but  is  entirely 
dependent  upon  the  turbine. 

Fig.  1  shows  the  load  curve  of  the  large  1800-rev.  per  min. 
machine  above  mentioned,  which  is  designed  to  operate  with 


250  lb.  steam  pressure,  28.5  inches  of  vacuum,  and  dry  steam. 
This  turbine  has  23  stages,  all  wheels  being  of  the  single-bucket 
tjrpe.  The  first  stage  wheel  has  a  pitch  diameter  of  35  inches, 
which  increases  with  each  successive  stage  until  the  last  wheel,, 
which  has  a  pitch  diameter  of  88  inches.  This  curve  shows 
that  for  1800  rev.  per  min.,  a  turbine  can  be  designed  for  a 
vacuum  of  28.5  inches,  giving  its  best  efficiency  at  21,000  kw., 
this  point  being  marked  on  the  curve  by  1,  and  the  water  rate 
at  other  points  being  given  in  proportion  to  this  point.  This 
curve  also  shows  that  with  a  sacrifice  of  5  per  cent  in  efficiency, 
an  output  of  36,000  kw.,  can  be  delivered  to  the  turbine  shaft. 
Above  a  load  of  21,000  kw.,  live  steam  is  bypassed  to  the  eighth 
stage  shell,  the  effect  of  which  is  shown  by  the  break  in  the 
curve, 
The  dotted  line  gives  the  load  curve  of  a  similar  turbine  in 
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which  the  first  eleven  stages  are  replaced  by  one  two-bucket 
stage.  This  turbine  is  designed  with  multiple  valve  steam 
admission.  Such  a  modification  may  be  desirable  for  the  pur^ 
pose  of  amplification,  or  where  better  efficiency  at  very  li^t 
loads  is  important,  as  in  the  case  of  propulsion  of  warships. 

Fig.  2~  gives  the  vacuum  curve  of  the  1800-rev.  per  min,, 
23-stage  machine  at  21,000-kw.  and  36,000-kw.  load  on  the 
turbine  shaft.  It  will  be  noticed  that  the  improvement  in 
economy  at  a  load  of  21,000  kw.,  is  2.5  per  cent  between  28.5 
and  29  in.,  whereas  with  a  load  of  36,000  kw.,  due  to  congestion 
of  the  steam  passages,  the  gain  is  only  0.55  per  cent. 

Many  large  size  turbines  are  now  designed  for  a  vacuum  of 
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29  in.  The  volume  of  one  pound  of  steam  at  this  vacuum  is 
652  cu.  ft.,  almost  50  per  cent  greater  than  at  28.5  in.,  and 
about  twice  as  much  as  at  28  in.,  which  calls  for  a  corresponding 
increase  in  the  area  of  the  steam  passage  in  the  last  stage  wheel. 
If  this  area  is  made  too  small,  the  steam  when  leaving  the  last 
row  of  buckets  must  have  a  high  velocity,  which  gives  a  large 
loss  of  energy,  this  loss  being  in  proportion  to  the  square  of  the 
velocity.  It  is  therefore  important  that  this  area  be  made  as 
large  as  possible,  and  that  the  exit  angle  of  the  blades  be  made 
small  enough  to  give  good  extraction. 

Efficient  action  can  only  be  accomplished  by  using  a  bucket 
speed  that  bears  a  proper  relation  to  the  steam  velocity.  Con- 
sequently to  get  the  largest  capacity  we  must  not  only  use  long 
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buckets,  but  must  move  them  at  a  very  high  speed.    In  order 

to  obtain  good  bucket  action,  the  buckets  should  not  be  more 

than  about  one  fourth  as  long  as  the 

pitch  diameter  of  the  wheel.    If  they 

are  made  longer  than  this,  poor  bucket 

action  with  consequent  loss  in  efficiency 

will  result,  due  to  the  great  difference 

in  peripheral  speed  between  the  base 

and  the  tip  of  the  bucket,  the  design 

being  made  correct  for  the  middle  point 

or  pitch  line.    The  flare  also  becomes 

excessive,  so  that  the  space   between 

the  buckets  at  the  tip  will  be  so  large 

that  steam  can  flow  between  the  buckets 

without  doing  any  work. 

The  use  of  a  high  steam  speed  in 
this  last  stage  naturally  implies  that  a 
relatively  large  proportion  of  the  total 
steam  energy  must  be  utilized  there, 
and  such  concentration  of  work  into  a 
single  stage  is  not  without  its  disad- 
vantages, since  even  if  the  best  rela- 
tion of  velocities  is  maintained,  such 
a  stage  doing  a  large  amount  of 
work  is  naturally  less  efficient  than 
a  stage  of  similar  character  doing  less 
work. 

Since  for  the  reasons  given  above,  the 
design  of  the  last  stage  in  such  a  turbine 
constitutes  the  most  important  limita- 
tion, we  will  consider  some  details  of 
the  design  used  in  this  case.  Fig.  3 
represents  the  last  wheel  of  the  large 
23-stage  1800-rev.  per  min.,  turbine 
which  has  been  mentioned.  This  tur- 
bine is  designed  to  operate  at  250  lb. 
steam  pressure,  28.5-in.  vacuum,  and 
dry  steam.  The  pitch  diameter  of  the 
wheel  is  88  in.,  length  of  buckets  22  in. 
and  bucket  angles  60  deg.  entrance  and 
40  deg.  exit.  The  wheel  is  subject  to  the  following  stresses  at 
normal  speed  : 
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Stresses  in  hub,  23,450  lb.  per  sq.  in. 

Stresses  in  web,  22,950  lb.  per  sq.  in. 

Stresses  in  bucket,  20,100  lb.  per  sq.  in. 
Elastic  limit,  (limit  of  proportionality)  of  material,  55,000 
lb.  per  sq.  in.    The   material  of   the  wheel  and  bucket  is 
quenched  and  tempered  3  per  cent  nickel  steel. 

The  wheel  is  stiff  enough  to  avoid  vibration  effects,  and  in 
the  absence  of  such  effects  the  centrifugal  strains  afford  ample 
factors  of  safety,  even  if  we  assume  considerable  irregularitieii 
and  imperfections  of  metal  structure. 

Cause  of  Wheel  Breakages 

In  some  of  the  first  large  machines  of  the  type  here  discussed, 
very  serious  trouble  has  developed  through  the  formation  of 
cracks  in  the  forged  wheels.  Such  cracks  have  caused  wheels 
to  break  in  three  important  installations.  The  cracks  which 
have  formed  in  these  wheels  have  started  at  holes  in  the  wheel 
provided  either  for  balancing  steam  pressures  on  the  two  sides 
of  the  wheel,  or  for  the  attachment  of  balance  weights.  The 
occurrence  of  these  accidents  naturally  gave  rise  to  much  alarm, 
uncertainty,  and  difference  of  opinion  as  to  the  cause  of  the 
trouble.  Calculation  showed  that  the  wheels  which  broke 
were  less  stressed  than  many  which  were  made  from  weaker 
metal  and  had  operated  for  long  periods  of  time.  Holes  in  a 
centrifugally  stressed  wheel  greatly  increase  the  fibre  stress  in 
the  vicinity  of  the  hole  itself,  but  such  conditions  had  not 
caused  the  formation  of  cracks  in  large  numbers  of  wheels  in 
which  such  localized  high  stresses  existed.  Many  evidences 
have  now  shown  that  the  trouble  with  these  wheels  has  not 
resulted  from  stresses  in  excess  of  those  which  had  been  pre- 
viously found  to  be  practicable,  but  has  been  caused  by  flutter- 
ing and  vibrations  of  the  wheels,  which  had  become  possible 
through  the  lightness  and  thinness  of  their  construction.  Such 
vibration  gives  a  periodic  character  to  the  stresses  normally 
imposed  and  so  gives  rise  to  the  formation  of  fatigue  cracks. 

In  machines  of  this  type  relatively  light  and  narrow  buckets 
have  been  used,  and  the  wheels  have  been  proportioned  with  a 
view  to  ample  centrifugal  strength,  but  with  maximum  economy 
of  space  and  weight,  consequently  these  wheels  have  had  much 
less  lateral  stiffness  than  wheels  used  in  turbines  of  previous 
types.  To  overcome  such  troubles  as  have  developed,  it  is 
simply  necessary  to  make  the  wheels  stiffer  and  to  put  in  holes 
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in  parts  of  the  wheel  near  the  hub  where  a  suitable  reinforce- 
ment of  thicknesa-can  be  provided  which  both  stiffens  the 
wheel  and  reduces  stresses  near  the  holes.  Very  slight  changes 
of  this  kind  make  a  great  difference  in  the  vibrating  charac- 
teristics of  such  wheels,  and  the  proportions  used  are  such  that 
they  can  easily  be  brought  to  the  same  standards  of  safety  in 
these  respects  as  have  long  prevailed  in  wheels  of  heavier 
construction  in  machines  having  less  numbers  of  stages. 

Experience  has  shown  that  in  the  absence  of  a  tendency  to 
form  fatigue  cracks  through  vibration,  overspeed  in  such  tur- 
bine wheels  involves  relatively  little  danger  as  compared  with 
other  types  of  high-speed  machinery.     Experimentally  and  in 
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actual  service,  wheels  have  been  stretched  to  a  considerable 
degree  of  enlargement  without  the  formation  of  any  cracks,  and 
such  stretching  is  a  normal  condition  if  the  cracks  do  not  exist. 

It  has  been  discovered  that  such  fluttering  or  vibration  of 
the  web  of  wheels  has  not  only  been  responsible  for  the  forma- 
tion of  fatigue  cracks  in  the  wheels  themselves,  but  has  also 
caused  loosening  and  breakage  of  buckets.  The  cure  for  these 
difficulties  is  to  use  stiffer  wheels,  and  such  wheels  can  carry 
stifFer  buckets,  so  that  the  whole  structure  is  incapable  of 
vibration  of  any  amplitude  through  such  forces  and  periods  as 
arise  from  the  conditions  of  operation. 

Fig.  4  gives  the  energy  and  efficiency  curves  of  this  last 
stage.     It  will  be  noticed  that  at  the  most  efficient  point, 
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(21,000  kw.),  this  stage  absorbs  11.5  per  cent  of  the  total 
adiabatic  av^lable  enei^y,  and  that  the  wheel  effiriency  is 
66.25  per  cent.  The  energy  represented  by  the  exhaust 
velocity  which  is  all  wasted  in  the  condenser  is  1.5  per  cent  of 
the  total  energy.  As  the  load  increases  on  the  turbine  shaft, 
the  energy  in  this  stage  also  increases,  decreaang  its  efficiency 
until  at  36,000  kw.  the  energy  in  the  last  stage  is  20.9  per 
cent  of  the  total  energy.  The  wheel  efficiency  however  has 
been  reduced  to  54.2  per  cent  and  the  energy  represented 
by  the  exhaust  velocity  has  been  increased  to  6.4  per  cent. 
This  great  amount  of  work  in  the  last  stage  at  such  poor 
efficiency  naturally  lowers  the  efficiency  of  the  whole  tur- 
bine, and  in  this  case  the  efficiency  at  36,000  kw.  is  5  per  cent 
lower  than  at  21,000  kw. 
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Fig.  5  shows  leakage  and  rotation  losses  of  the  same  turbine 
in  per  cent  of  input. 

Prom  the  above  it  will  be  seen  that  for  1800  rev.  per  min.,  a 
turbine  can  be  designed  efficiently  for  21,000  kw.  which,  with 
a  sacrifice  of  efficiency  can  deliver  36,000  kw. 

Fig.  6  gives  a  load  curve  of  the  smaller  3600-rev.  per  min. 
turbine.  The  water  rates  are  here  given  in  reference  to  that  of 
the  larger  machine,  the  load  of  5000  kw.  corresponding  to  that 
of  20,000  kw.  on  the  1800-rev.  per  min.  turbine.  This  turbine 
has  only  five  stages,  one  two-bucket  wheel  in  the  first  stage, 
the  other  four  stages  having  single-bucket  wheels.  The  first 
wheel  has  a  pitch  diameter  of  35.5  in.,  and  the  remaining  four 
wheels  a  pitch  diameter  of  51  in.  The  bucket  height  of  the 
last  wheel  is  9.125  in.,  the  turbine  being  designed  for  a  maxi- 
mum of  6250  kw. 
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The  reason  for  such  a  discrepancy  in  the  number  of  stages 
calls  for  explanation.  As  the  output  of  a  turbine,  keeping 
approximately  the  same  stresses,  goes  up  inversely  as  the 
square  of  the  rev.  per  min.,  if  the  same  number  of  stages  could 
be  used  and  clearance  and  all  dimensions  proportionately 
reduced,  a  5000-kw.  machine  at  3600  rev.  per  min.  could  be 
made  nearly  as  efficient  as  a  20,000-kw.  machine  at  1800  rev. 
per  min.,  and  developments  of  smaller  multi-stage  machines 
at  our  Lynn  Works  have  already  been  made  which  approximate 
such  possibilities.  Constructions  however  which  are  practic- 
able on  a  large  scale  are  not  practicable  on  a  small  scale,  and 
consequently  there  are  difficulties  in  getting  the  space  economy 
in  small  high-speed  machines  which  would  be  necessary  for 
accomplishing  the  result  stated.  One  of  the  difliculties  has 
lain  in  the  construction  of  diaphragms,  the  casting  in  of  nozzle 
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partitions  being  easy  in  a  large  diaphragm  and  very  difficult  on 
a  small  one.  We  are  working  upon  types  of  diaphragms  and 
other  parts  which  may  make  possible  the  development  of 
multi-stage  high  speed  machines  which  afford  improved  degrees 
of  economy. 

If  a  10,000-kw.  turbine  is  designed  for  1800  rev.  per  min., 
the  only  change  necessary  would  be  to  make  the  nozzle  and 
bucket  heights  about  half  the  height  of  those  in  the  20,000-kw. 
unit.  This  reduction  in  height  of  buckets  and  nozzles  would 
affect  the  weight,  size,  and  cost  of  the  turbine  very  little  as 
compared  with  the  20,000  kw.  unit.  In  regard  to  economy, 
the  lower  bucket  heights  would  reduce  the  rotation  loss  some- 
what but  far  from  50  per  cent.  The  diaphragm  packing  loss, 
head  packing  losses,  and  bearing  losses  would  be  practically 
the  same  as  on  the  20,000-kw.  unit,  so  that  while  a  turbine 
designed  for  10,000  kw.  would  be  more  economical  than  the 
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large  turbine  running  at  half  load,  the  difference  would  be  small, 
being  only  about  6  per  cent. 

It  will  be  seen  from  this  paper  that  for  a  given  speed  there  is 
one  particular  size  of  turbine  which  can  be  designed  to  be  most 
economical  as  to  steam  consumption,  weight,  space,  and  price 
per  kilowatt.  Even  if  a  size  smaller  than  this  is  required,  it 
would  in  many  instances  pay  for  the  central  station  to  install 
the  larger  xmit,  even  though  it  would  have  to  run  at  reduced 
load  for  some  time  before  the  station  load  increased  sufficiently 
to  utilize  the  full  capacity. 
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PRESENT  LIMITS  OF  SPEED  AND  OUTPUT  OF  SINGLE- 
SHAFT  TURBO  GENERATORS 


BY  F.  D.  NEWBURY 

Abstract  op  Paper 

Output  is  determined  broadly  by  rotor  or  stator  dimensions. 
With  speeds  of  1200  rev.  per  min.  and  lower,  the  stator  is  the  lim- 
iting member,  while  with  higher  speeds,  the  rotor  is  the  limiting 
member. 

The  most  effective  rotor  diameter  is  not  necessarily  the  largest 
diameter.  To  obtain  maximum  output  at  a  given  speed  the  rotor 
proportions  must  be  chosen  to  properly  balance  mechanical  stres- 
ses, rotor  ampere  turns  and  flux.  American  design  practise  has 
established  400  ft.  per  sec.  as  an  upper  limit  of  rotor  peripheral 
speed. 

The  maximum  length  of  core  is  determined  by  such  factors  as 
ventilation,  bearing  temperatures,  critical  speed  and  limits  to 
weight  imposed  by  forging  and  transportation  facilities. 

Fig.  4  shows  present  limits  to  kv-a.  rating  at  speeds  from  3600 
to  900  rev.  per  min.  These  limiting  values  are  given  as  indicat- 
ing present  boimdaries  to  knowledge  and  experience,  rather  than 
as  real  physical  or  other  limits  that  cannot  be  exceeded. 

Mechanical  forces  due  to  short-circuit  current,  and  damage 
caused  by  armature  winding  failures,  are  no  greater  in  the  very 
large  generators  indicated  by  Fig.  4  than  in  present  day  20,000 
and  30,000  kv-a.  units. 

No  opinion  is  expressed  as  to  the  wisdom  of  installing  very 
lar^esingle-shaft  units.  If  operating  ennneers  desire  units  of 
50,000  to  100,000  kw.,  there  is  no  question  out  that  such  genera- 
tors can  be  conservatively  designed  and  constructed. 


REDUCED  to  the  simplest  terms,  maximum  output  at  any 
speed  is  attained  when  slot  space  is  provided  for  the 
maximum  possible  ampere  turns  (in  either  stator  or  rotor),  and 
core  cross  section  is  provided  for  the  maximum  possible  flux. 
These  conditions  require  the  most  effective  rotor  diameter 
(or  stator  bore)  and  the  maximum  rotor  and  stator  core  length. 
All  factors  that  limit  rotor  diameter  (or  stator  bore)  or  core 
length  have  a  possible  bearing  on  limiting  outputs. 

The  most  effective  rotor  diameter  for  a  given  speed  is  not 
necessarily  the  largest  diameter.  For  maximum  output,  the 
rotor  should  have  maximum  space  for  winding  and  maximum 
tooth  and  core  section  for  flux.  Obviously,  these  requirements 
are  antagonistic  and  the  actual  design  is  a  balance  between 
slot  area  and  tooth  and  polar  area.  Again,  as  the  diameter  is 
increased  (with  a  given  speed)  there  is  more  room  for  both 
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winding  and  flux,  but  with  increase  in  diameter  each  pound  of 
copper  exerts  an  increasing  centrifugal  force  and  the  ratio 
of  slot  area  to  tooth  cross  section  must  be  decreased  in  order  to 
keep  within  desired  stresses.  Beyond  a  certain  peripheral 
velocity,  ampere  turns  must  be  decreased,  in  spite  of  the 
increase  in  available  space,  and  the  most  effective  diameter 
has  been  passed.  It  is  seen,  therefore,  that  in  order  to  obtain 
maximum  output  at  a  given  speed,  the  rotor  proportions 
must  be  chosen  to  properly  balance  mechanical  stresses,  rotor 
ampere-txuTis  and  flux. 

Turbo  generator  design  has  settled  down  to  one  type  of 
rotor,  so  far  as  form  is  concerned.  This  is  the  so-called  radial 
slot  tyx)e,  in  which  the  ends  of  the  winding  project  beyond 
the  core  body.    This  construction  is  shown  in  Fig.  1,  indicating 
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the  slot  arrangement.  This  type  of  design  requires  solid  rings 
of  very  good  material  for  holding  these  projecting  coil  ends. 
The  hoop-stress  in  the  coil  retaining  rings  is  an  important  limit 
to  output,  and  is,  in  fact,  a  more  important  limit  than  the  tooth 
stress  in  the  main  rotor  body. 

In  a  large-diameter  low-speed  turbo  generator  (1200  rev. 
per  min.  and  below)  it  is  generally  possible  to  employ  a  larger 
rotor  diameter  and  more  rotor  ampere  turns  than  can  be 
properly  balanced  by  stator  ampere  turns.  The  density  of 
stator  ampere  turns  is  limited  by  the  ability  to  dissipate  heat 
(with  permissible  temperature  differences)  and  by  the  per- 
missible concentration  of  ampere  turns  in  a  single  slot.  Ob- 
viously, there  is  no  such  rigid  limit  to  weight  or  depth  of  copper 
in  a  single  slot  in  the  stator  as  is  imposed  by  centrifugal  stresses 
in  the  rotor,  but  there  is  a  limit  to  the  depth  of  stator  slots 
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determined  by  the  rapid  increase  in  eddy  current  losses  with 
deep  slots  and  by  the  ability  to  construct  and  insulate  long 
coils  having  a  very  large  ratio  of  depth  to  width. 

Thus,  in  certain  cases  the  rotor  is  the  limiting  member  and  in 
other  cases  the  stator  is  the  limiting  member.  In  general, 
the  rotor  first  reaches  its  limit  in  ratings  of  1500  rev.  per  min. 
and  higher  speeds,  and  the  stator  first  reaches  its  limiting 
output  in  ratings  of  1200  rev.  per  min.  and  lower,  considering 
commercial  frequencies. 

It  is  apparent  that  unless  the  ratio  of  rotor  ampere  turns  to 
stator  ampere  turns  is  a  fixed  design  relation,  all  generators 
could  be  designed  for  the  maximum  possible  output  as  deter- 
mined by  the  stator,  and  the  rotor  need  never  be  the  limit. 
As  a  matter  of  fact,  there  is  a  tendency  in  this  direction,  the 
restraining  fact  being  that  as  the  field  is  weakened,  relatively 
to  the  armature,  the  increase  in  field  current  and  exciting 
voltage  as  the  load  is  increased  becomes  greater.  A  reasonable 
limit  to  increase  in  excitation  with  load  is  desirable  from  the 
standpoint  of  voltage  regulator  operation.  Regulators  can 
readily  handle  a  range  of  one  to  two  or  one  to  two-and-a-half, 
and  large  generators  are  proportioned  to  meet  this  ratio  of 
no-load  to  full-load  excitation.  Voltage  regulation  has  ceased 
to  be  a  limit  to  output.  These  field  and  armature  proportions 
result  in  regulations  of  roughly  25  per  cent  at  100  per  cent 
power  factor,  and  40  per  cent  at  80  per  cent  power  factor. 
Obviously,  such  regulations  could  not  be  tolerated  if  regula- 
tion were  a  factor  in  operation. 

A  fundamental  difficulty  in  lajdng  down  definite  limiting 
outputs  is  the  difficulty  in  arbitrarily  stating  limiting  stresses. 
The  two  principal  stresses  in  the  radial  slot  rotor  are  the  tooth 
stresses  in  the  main  rotor  body  and  the  hoop  stress  in  the  coil 
retaining  rings.  Soft  carbon  steel  is  employed  for  the  main 
rotor  body,  and  a  good  quality  ductile  alloy  steel  (usually 
chrome-nickel  or  chrome-vanadium)  is  used  for  the  coil  re- 
taining rings.  Turbo  generators  are  designed  for  a  maximum 
speed  20  per  cent  above  the  running  speed.  At  this  over-speed, 
the  tooth  stresses  should  be  approximately  one-fourth  the  ulti- 
mate strength  of  the  carbon  steel  and  the  coil-retaining  ring 
stress  should  be  approximately  one-third  the  ultimate  strength. 
This  results  in  working  stresses,  in  both  cases,  approximately 
half  the  yield  point.  It  is  important  that  the  material  be 
ductile;  carbon  steel  with  proper  working,  can  readily  be  ob- 
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tained  with  22  per  cent  elongation  and  35  per  cent  reduction 
in  area  and  the  alloy  steel  should  have  22  per  cent  elongation 
and  50  per  cent  reduction.  These  figures  refer  to  standard 
two-inch  test  pieces  under  tension. 

Ametican  design  practise  has  established  400  ft.  per  sec. 
as  an  upper  limit  of  peripheral  speed  for  maximum  ampere 
turns  and  output  for  rotational  speeds  of  1500  rev.  per  min. 
and  higher.  This,  of  course,  assumes  existing  rotor  materials 
and  factors  of  safety. 

It  is  apparent  that  having  increased  the  rotor  diameter 
to  the  most  effective  value,  output  will  be  proportional  to  the 
length  of  the  rotor  and  stater  cores,  and  maximum  output 
will  be  secured  when  the  length  is  increased  to  its  limiting 
value.    This  limit  to  length  is  even  more  a  matter  of  opinion 
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and  judgment  than  is  the  limit  to  rotor  or  stator  diameter. 
It  is  determined  mainly  by  cooling  air  requirements,  by  bear- 
ing proportions,  by  limits  to  weight  imposed  by  transportation 
facilities  and  the  ability  to  secure  forgings  of  necessary  diam- 
eter and  weight. 

VeTaihtifm.  The  generator  losses,  and  consequently  the  re- 
quired volume  of  cooling  air  increase  almost  in  proportion  to  the 
core  length.  In  the  simple  radial  or  air  gap  system  of  ventilation, 
shown  diagrammatically  in  Fig.  2,  all  of  the  cooling  air  must 
pass  through  the  air  gap  entering  the  annular  openings  between 
Btator  and  rotor  at  the  two  ends  of  the  generator.  The  radial 
dimension  of  the  urgap  is  constant  with  constant  rotor  diameter 
and  consequently  the  volume  of  cooling  air  can  only  be  increased 
ai  the  core  length  is  increased  by  increaung  the  air  pressure. 
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Also,  as  core  length  is  increased,  the  diameter  of  the  shaft 
extension  of  the  rotor  body  must  be  increased  and  the  fan 
intake  becomes  restricted.  In  the  axial  system  of  ventilation, 
illustrated  in  Fig.  3,  the  stator  ventilation  is  taken  care  of 
independently  of  the  air  gap  and  the  requirements  as  to  cooling 
air  becomes  less  important  from  the  standpoint  of  limiting 
output.  But  with  either  system  of  ventilation,  designers  are 
already  finding  it  necessary  to  devise  more  complicated  sys- 
tems in  order  to  take  care  of  3600  and  1800  rev.  per  min. 
ratings  now  in  prospect. 

Rot  r  Deflection.  As  the  core  length  is  increased,  necessi- 
tating an  increased  distance  between  bearings,  the  rotor 
deflection  increases.     This  increases  the  reversing  stress  in 
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the  shaft  material  at  the  journals  and  reduces  the  value  of 
critical  speed.  As  the  core  length  is  increased,  the  journal 
and  bearing  sizes  must  be  increased  in  order  to  keep  the 
shaft  stress  and  the  critical  speed  within  desired  limits  and 
a  limit  may  be  imposed  by  bearing  losses  and  temperatures. 
Winding  Temperatures.  The  limiting  ratings  given  in  this 
paper  are  based  on  150  deg.  total  rotor  winding  tempera- 
ture and  from  125  deg.  to  150  deg.  total  stator  winding 
temperatures.  It  is  not  probable  that  ratings  will  be 
increased  by  increasing  these  temperature  limits.  Higher 
temperatures  would  be  of  most  value  in  connection  with 
the  rotor  winding  since  the  rotor  limits  rating  in  the  two- 
and  four-pole  designs  commonly  used.  But  temperatures 
higher   than    150   deg.   result   in   relatively   little    gain    in 
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rotor  ampere-turns  on  account  of  the  rapid  increase  in 
resistance  of  the  winding.  If  the  rotor  winding  temperature 
rise  is  assumed  proportional  to  the  loss,  an  increase  in  operating 
temperature  from  150  deg.  to  250  deg.  (an  increase  in  measured 
rise  from  100  deg.  to  200  deg.)  results  in  an  increase  in  ampere 
turns  of  only  25  per  cent.*  Thus  doubling  the  temperature 
rise  and  rotor  loss  results  in  a  gain  of  only  25  per  cent  in  output. 

Temperatures  much  above  150  deg.  in  connection  with  very 
long  rotors  are  not  considered  favorably  on  account  of  the 
danger  of  trouble  from  "creeping"  of  the  winding  caused  by 
linear  expansion. 

Transportation  facilities  may  impose  a  limit  to  size  in  the 
case  of  six-  and  eight-pole  60-cycle  generators.  With  the 
larger  two-pole,  25-cycle  and  four-pole,  60-cycle  generators 
now  being  built,  the  stators  are  now  too  heavy  for  convenient 
handling  and  transportation,  and  they  are  assembled  in  place 
at  the  power  station.  Rotors,  from  the  special  nature  of  their 
design  and  the  special  skill  and  equipment  required  for  wind- 
ing and  assembling,  should  be  completed  at  the  builder's  fac- 
tory and  shipped  as  a  unit.  The  weight  of  the  complete  rotor 
of  a  four-pole,  1800-rev.  per  min.  generator  of  40,000  kv-a. 
capacity  will  be  roughly  90,000  pounds.  This  can  be  trans- 
ported without  difficulty,  but  the  largest  possible  1200-rev. 
per  min.  rotor  would  weigh  more  than  200,000  pounds,  and 
would  require  rolling  stock  and  trackage  (in  some  cases)  not 
now  available. 

Another  general  limitation  to  output  that  applies  to  the 
larger  diameter  rotors  is  that  imposed  by  the  forging  facilities 
of  the  country.  At  the  present  time  it  is  not  possible  to  obtain 
forgings  of  suitable  physical  characteristics  weighing  more 
than  50  to  60  tons  nor  much  larger  than  50  inches  (assuming 
a  minimum  amount  of  working  down  from  a  72-in.  ingot). 
This  limits  the  rotor,  made  from  a  single  forging,  to  an  output 
of  roughly  50,000  kv-a.  at  1500  rev.  per  min.,  and  a  propor- 
tionately decreasing  kv-a.  at  lower  speeds,  assuming  a  solid 
rotor.  By  adopting  the  rotor  construction  involving  two  or 
three  inch  plates  and  up-set  flanged  shaft  ends,  the  limiting 
diameter  may  be  increased  sufficiently  for  the  largest  1500- 
and  1200-rev.  per  min.  outputs,  shown  by  Fig.  4.    The  deagn 

*  A  discussion  of  this  point  is  contained  in  the  author's  paper,  "  Ra- 
tional Temperature  Guarantees  for  large  A-C.  Generators  **,  Transac- 
tions for  1916,  Part  I,  Page  1497. 
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of  1200-  and  900-rev.  per  min.  generators  for  maximum 
output  will  be  governed  by  questions  of  forging  and  shipping 
facilities,  rather  than  by  more  strictly  design  matters. 

Fig.  4  shows  in  curve  form  limiting  generator  capacities 
at  various  speeds.  At  1500  rev.  per  min.  and  higher,  the 
capacity  is  determined  by  the  rotor  and  is  inversely  propor- 
tional to  the  rev.  per  min.  squared.  At  lower  speeds,  the  ca- 
pacity is  limited  by  the  stator  and  falls  somewhat  below  the 
corresponding  rotor  limiting  capacity  as  indicated  by  the  dotted 
extension  of  the  rotor  curve.  This  curve  is  actually  based 
on  constant  core  length,  when,  as  a  matter  of  fact,  the  length 
can,  with  reason,  be  increased  as  the  diameter  is  increased. 
The  curve  ratings,  however,  represent  maximum  lengths  of 
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core  so  far  employed,  and  material  extensions  in  core  length 
involve  questions  of  linear  expansion  that  must  be  very  care- 
fully considered.  This  limiting  capacity  curve  represents  ca- 
pacities that  can  be  obtained  with  existing  commercial  mater- 
ials and  without  radical  changes  in  stresses  and  bearing  pro- 
portions. The  curve  does  not  represent  limits  that  may  not 
be  exceeded  in  the  future.  It  is,  more  properly,  an  indication 
of  present  boundaries — boundaries  that  will  be  extended  as 
our  knowledge  and  experience  are  increased.  It  represents 
also  the  present  judgment  of  designers,  a  judgment  influenced 
greatly  by  the  economic  and  operating  advantages  of  still 
larger  ratings. 
The  capacities  shown  by  the  curve  are  somewhat  in  advance 
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of  accomplished  results.  Ratings  of  several  turbo  generators 
that  are  the  largest  that  have  been  placed  in  oi>eration  or  are 
under  construction  by  the  Westinghouse  Electric  and  Manu- 
facturing Company  have  been  added  to  Fig.  4  with  self-explan- 
atory comment. 

As  previously  explained,  the  limiting  capacities  given  for 
speeds  below  1500  rev.  per  min.  can  only  be  attained  by  ex- 
ceeding present  transportation  facilities  if  present  design  types 
are  adhered  to. 

Incidentally  it  is  interesting  to  note  the  advantage  in  limits 
gained  by  the  use  of  50  cycles  as  compared  with  60  cycles.  An 
increase  of  nearly  50  per  cent  in  rating  is  made  possible  by 
the  20  per  cent  decrease  in  two-pole  and  four-pole  speeds.  This 
is  of  interest  mainly  when  European  and  American  maximum 
ratings  are  being  compared. 

The  bare  mention  of  ratings  larger  than  50,000  kv-a.  raises 
the  question  of  limits  to  size  of  individual  generating  units 
imposed  by  operating  considerations,  such  as  the  relation  be- 
tween unit  and  station  rating,  the  extent  of  the  damage  in 
case  of  winding  failures,  ability  to  withstand  sudden  short 
circuits  and  so  on.  ^ 

While  the  detailed  discussion  of  these  questions  is  beyond 
the  scope  of  the  present  paper,  some  design  information  affect- 
ing operating  questions  may  be  of  interest. 

There  is  no  reason  for  considering  the  larger  low-speed 
generators  less  reliable  than  the  high-speed  generators  in- 
dicated by  limiting  curve  of  Fig.  4.  As  a  matter  of  fact, 
the  lower  speed  ratings  can  usually  be  designed,  both  in 
stresses  and  in  electrical  factors,  with  more  margin. 

Mechanical  forces  developed  by  short  circuits  are  deter- 
mined by  the  short-circuit  ampere  turns  of  the  armature 
winding  per  inch  of  armature  circumference — and,  to  a  limi- 
ted extent,  by  the  density  of  the  magnetic  field  set  up  by  the 
rotor  winding.  Both  the  distribution  of  ampere  turns  and 
the  density  of  the  airgap  magnetic  field  are  substantially 
constant  for  all  limiting  ratings  of  a  given  frequency.  While 
the  forces  developed  in  a  25-cycle  generator  will  be  greater 
than  in  a  60-cycle  generator — due  mainly  to  lower  reactance 
and  the  resulting  greater  values  of  ampere  turns — all  60-cycle 
ratings  indicated  by  the  limiting  curve  will  have  substantially 
equal  forces  developed  on  sudden  short  circuit.  The  stresses 
in  the  coil  ends  will  be  determined  by  these  forces  and  by  those 
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factors  determining  the  rigidity  of  the  winding.  Except  pos- 
sibly in  the  maximum  size  1500-rev.  per  min.,  25-cycle  gener- 
ator, with  its  long  coil-end  extension,  there  need  be  no  material 
difference  in  the  rigidity  of  the  winding.  Thus  a  50,000-kv-a., 
25-cycle,  1500-rev.  per  min.  generator  represents  the  most 
difficult  design  from  the  standpoint  of  short-circuit  stresses. 
However,  such  a  generator  would  not  differ  materially  in  short- 
circuit  stress  conditions  from  30,000-kv-a.,  two-pole  generators 
that  have  been  in  successful  operation  for  three  years.  It 
can  be  stated  with  confidence  that  the  danger  of  winding  fail- 
ure due  to  sudden  short  circuit,  with  generators  of  the  indicated 
limiting  outputs,  will  be  no  greater  than  20,000-  and  30,000- 
kv-a.  generators  that  have  been  placed  in  operation  in  large 
numbers  during  the  past  six  years. 

Another  question  of  interest  to  those  responsible  for  the 
operation  of  large  generating  units  is  the  extent  of  damage 
to  winding  in  case  of  internal  short  circuits  caused  by  failure 
of  insulation  between  turns  of  the  same  coil  or  failure  of  insu- 
lation from  copper  to  ground.  Experience  with  large  units 
now  in  operation  has  shown  that,  in  the  event  of  a  winding 
failure  that  results  in  the  flow  of  abnormal  power  current, 
the  chances  are  that  the  entire  winding  will  be  destroyed  and 
that  a  hole  of  considerable  size  may  be  burned  in  the  core 
laminations.  Generating  units  are  already  of  such  size  that 
a  winding  failure  usually  results  in  the  loss  of  output  from  the 
unit  for  several  months.  The  results  of  failures  in  still  larger 
generators  will  be  of  the  same  degree  and  will  be  no  more 
serious  except,  of  course,  in  that  loss  in  kv-a.  output  will  be 
greater.  In  this  connection,  it  is  pertinent  to  point  out  that 
the  fusing  of  metal  and  other  local  effects  of  an  internal  gen- 
erator failure  is  a  function  of  station  capacity  rather  than  of 
individual  unit  capacity.  The  volume  of  metal  fused  at  the 
point  of  failure  is  determined  largely  by  the  impedance  of  the 
generating  circuits  feeding  into  the  vault.  Therefore,  the  only 
difference  between  a  failure  in  one  of  two  30,000-kv-a.  units 
and  a  failure  in  a  single  60,000-kv-a.  unit  is  in  the  impedance 
of  the  leads  buses,  and  other  connecting  circuits  between 
the  two  30,000-kv-a.  units.  The  two  30,000-kv-a.  unit  instal- 
lation has  the  obvious  advantages  that  protective  reactance 
may  be  installed-  between  the  units,  and  the  trouble  is  usually 
confined  to  half  the  station  capacity. 

The  author  has  not  intended  to  express  an  opinion  as  to 
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the  wisdom  of  installing  very  large  single-shaft  units.  The 
only  purpose  has  been  to  point  out  from  the  design  stand- 
point the  feasibility  of  certain  ratings.  Whether  it  is  desirable 
or  even  wise  to  install  very  large  units — above  50,000-kv-a, — 
will  depend  very  largely  on  the  growth  and  size  of  generating 
stations.  When  stations  double  in  size — when  stations  of 
300,000  kv-a.  and  500,000  kv-a.  become  tjrpical  of  American 
practise — there  will  undoubtedly  be  a  demand  of  considerable 
volume  for  units  of  50,000  kw.,  75,000  kw.,  and  100,000  kw,, 
and  if  single-shaft  units  are  justified  from  the  turbine  stand- 
point, there  is  no  question  but  that  such  generators  can  be 
conservatively  designed  and  constructed. 
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Discussion  on  "Present  Limits  of  Speed  and  Power  of 
Single  Shaft  Steam  Turbines"  (Johnson),  "Present 
Limits  of  Speed  and  Power  of  Single-Shaft  Curtis 
Steam  Turbines"  (Berg),  and  "Present  Limits  of 
Speed  and  Output  of  Single-Shaft  Turbo  Generators" 
(Newbury),  New  York,  N.  Y.,  November  14, 1919. 

Philip  Torchio :  It  was  a  little  over  twenty-four  years  ago 
that  The  New  York  Edison  Company  started  the  operation  of 
the  first  steam  turbine  used  in  a  central  station  in  this  country, 
not  a  stone's  throw  from  this  building,  at  the  West  39th  Street 
steam  station.  A  week  ago  the  same  company  put  in  operation 
a  35,000-kw.,  1500-revolution  single-flow  machine,  which  is  the 
largest  machine  designed  for  that  speed.  The  machine  of 
twenty-four  years  ago  was  a  300  h.  p.  and  the  present  a  50,000 
h.  p. 

A  few  years  after  the  first  experiment  on  this  turbine,  built 
by  the  FYench  De  Laval  Company,  and  operated  for  a  few 
years  with  more  or  less  success,  the  principal  American  electrical 
manufacturers  started  to  build  steam  turbines.  The  first 
American  built  units  were  about  500  kw.,  but  soon  ascended  to 
5000  and  7500,  and  in  1906  units  of  12,000  were  built;  in  1908, 
the  largest  was  14,000;  1912,  20,000;  1913,  30,000;  and  in  the 
last  year  units  up  to  45,000  kw.,  60  cycle,  1200  revolutions, 
were  built. 

I  have  not  the  statistics  available,  but  probably  two-thirds 
or  three-quarters  of  the  central  station  generating  equipment 
today  consists  of  turbo  units.  When  we  consider  that  the 
central  stations  furnish  not  more  than  one-sixth  of  the  total 
power  used  in  the  country,  aggregating  considerably  over 
100,000,000  h.  p.,  and  when  we  further  consider  such  facts  as 
were  brought  out  by  Mr.  W.  S.  Murray,  that  by  central  station 
power  generation,  of  which  93  per  cent  bv  steam  and  7  per  cent 
by  water,  savings  in  the  order  of  $150,0()0,000  a  year  and  more 
can  be  made  on  the  northeastern  seaboard  section  of  this 
country  alone,  we  are  forcibly  impressed  with  the  importance  of 
steam  turbine  design. 

B.  A.  Behrend:  In  1906  I  stated  in  Gassier* s  Magazine 
that:  'The  power  station  of  the  future  will  contain  as  many 
20,000-kw.  units  as  the  power  station  of  today  contains 
5000  kw.  units."  I  venture  now,  twelve  years  later,  to  go  on 
record  that  the  power  station  of  the  future  will  not  contain  the 
75,000  and  100,000  kw.  units,  of  which  jwe  have  heard  a  great 
deal  in  the  papers  presented  this  evening. 

The  course  of  evolution  is  never  always  in  one  direction. 
The  time  must  come  when  the  limit  is  reached,  and  the  down- 
ward process  must  be  commenced.  I  desire  to  discuss  briefly  the 
reasons  for  the  limitations  of  size  from  a  slightly  (different  angle 
from  that  adopted  by  the  speakers. 

Beginning  with  mechanical  stresses,  as  wejjencounter  them 
in  the  electrical  machinery  or  in  rotating  machineryj^like*steam 
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turbines,    it   must   be    emphasized    that  these  are  not  static 
stresses,  but  essentially  dynamic  stresses. 

Stresses  in  bridge  members  are  both  static  stresses  and  dy- 
namic stresses,  according  as  the  load  of  the  bridge  is  a  static  load 
or  a  dynamic  load.  A  live  load,  or  a  moving  load,  produces 
variable  or  dynamic  stresses.  In  the  rotating  elements  of  the 
steam  turbine,  and  of  the  electric  generator  connected  thereto, 
the  stresses  are  usually  vibratory  stresses  changing  both  in 
magnitude  and  in  sign.  The  shaft  is  bent  in  such  a  manner 
that  at  one  period  of  the  motion  it  is  bent  in  one  direction,  and 
at  another  period  it  is  bent  in  the  opposite  direction,  and 
therefore  the  material  and  its  molecular  structure  are  subjected 
to  alternating  stresses.  The  same  applies  to  other  parts.  The 
ancient  rules  of  the  mechanics  as  they  are  taught  unfortunately 
even  at  this  day  do  not  apply  to  the  problems  we  are  facing. 
We  must  view  the  theory  of  elasticity  from  the  point  of  view  of 
vibratory  stresses.     Mr.  Berg  has  told  us  that   the  disks  in 


Fig.   1 

the  steam  turbines  may  have  perfectly  safe  static  stresses,  and 
yet  they  may  be  entirely  unsafe  because  of  vibration  set  up  in 
the  disk.  The  maximum  stress  in  a  disk,  subject  to  rapid 
rotation,  exists  in  the  center.  In  any  ordinary  test  bar  cut  out 
of  a  plate,  the  test  bar  being  shaped  as  test  bars  usually  are, 
if  a  hole  is  made  in  it,  the  maximum  stress  at  the  inner  surface 
of  this  hole  is  in  general  twice  the  ordinary  stress  which  appears 
in  the  section.  Suppose  we  call  this  ordinary  stress  10,000  lb., 
the  maximum  stress  as  it  appears  on  the  inner  surface  will  be 
approximately  20,000  lb.,  but  this  stress  will  be  a  serious  stress 
only  if  the  ductility  of  the  material  is  small.  If  the  ductility  of 
the  material  is  high,  then  the  stress  will  be  distributed,  and  the 
material  will  flow  and  rupture  will  not  occur  as  a  result  of  the 
initial  excess  stress  caused  by  the  hole  in  the  test  bar. 

If  two  test  bars  are  made  of  equal  and  high  ductility,  one 
containing  a  small  hole  one- thirty-second  inch  diameter,  and 
the  other  having  no  test  hole  at  all,  both  bars  will  rupture 
the  same  load.  The  same  is  not  true  with  bars  made  of  hard 
steel  lacking  ductility. 
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I  see  little  or  no  mention  made  of  the  fact  that  hard  materials 
must  be  avoided.  The  ordinary  tempered  steel  referred  to  for 
thin  disks  is  very  hard  steel,  and  I  doubt  if  such  steel  in  the 
form  of  a  disk  could  be  bent  flat  on  itself,  into  the  position 
Fig.  1,  without  showing  any  seams  or  rupture  whatsoever  at 
the  point  A. 


Fig.  2 


The  elastic  limit  is,  after  all,  only  one  criterion  of  the  quality 
of  material.  Material  for  these  disks  must  be  ductile  and  must 
bend  flat  on  itself,  cold,  without  rupture.  If  it  does  show 
rupture,  you  may  be  fairly  secure  in  your  assumption  that  thait 
material  is  unsuited  for  the  use  to  which  it  is  put,  namely, 
resistance  to  stresses  reversing  in  magnitude  and  sign.  All 
fractures  with  which  I  have  been  familiar  have  been  due  to 
vibratory  stresses.  I  know  of  no  failure  of  any  part  of  a  ma- 
chine occurring  under  a  pure  static  stress.  There  may  be  such 
failures,  but  they  are  unknown  to  me. 


Thk  Fig.  shows  the  right  direction  in 
which  test  sample  is  to  be  tiken. 


''  -'  "- 


Fid.  :{ 


Reference  to  the  limitation  of  capacity  being  due  to  the 
turbine  only  is,  in  my  opinion,  incorrect. 

The  rotating  end  bells  are  stressed  to  such  a  point  that  it 
became  necessary  to  make  them  as  thick  as  possible  so  as  to 
reduce  these  stresses  to  a  point  where  a  satisfactory  material 
can  be  obtained.  The  stresses  run  up  to  30,000  lb.  per  sq.  in. 
under  normal  conditions,  and  the  ultimate  stress  of  the  material 
is  approximately  100,000  lb.,  with  a  ductility  measured  by  an 
elongation  of  20  per  cent  and  a  reduction  of  area  of  40  per  cent 
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in  a  2  in.  sample.  The  test  bar  in  breaking  must  show  a  frac- 
ture like  Fig.  2.,  and  making  these  end  bells  is  no  small  task,  as 
they  are  subject  to  tangential  stresses,  so  that  the  work  of 
forging  has  to  be  done  in  such  a  manner  that  the  material  is 
homogeneous  tangentially,  Fig.  3.  A  test  bar  taken  radially 
would  show  a  very  greatly  reduced  "strength"  in  the  sense  in 
which  I  am  using  that  term,  though  the  elastic  limit  might  be 
the  same,  yet  the  ductility  would  be  less,  and  therefore  the 
strength"  would  be  less,  so  that  you  see  that  the  term 
strength"  now  means  something  different  from  what  it  meant 
thirty  years  ago,  as  it  now  includes  ductility,  whereas  twenty 
years  ago  it  meant  nothing  but  the  elastic  limit,  which  is  some- 
thing quite  different.  These  end  bells,  if  thickened  too  much 
will  make  it  impossible  to  put  the  rotor  into  the  stationary 
element  and  therefore  a  limitation  of  construction  lies  in  the 
length  of  the  air  gap. 

These  machines  have  not  been  in  operation  long  enough  for 
us.  to  come  to  a  definite  conclusion  as  to  the  life  of  the  structure. 
Fatigue  may  not  become  apparent  in  ten  years,  and  yet  later 
fractures  may  occur,  due  to  fatigue.  You  may  say,  as  Pro- 
fessor Scott  likes  to  say,  'Tou  are  pessimistic,  as  usual."  I 
do  not  say  this  is  going  to  happen.  I  say  that  vibratory  stresses 
are  dangerous,  and  that  we  have  not  had  sufficient  experience 
in  regard  to  vibratory  stresses  to  understand  their  effects 
thoroughly.  It  is  to  be  hoped  that  the  societies  interested  in 
testing  materials  will  make  tests  with  vibratory  stresses,  as  our 
mills  will  not  now  accept  specifications  based  on  vibratory 
tests. 

These  remarks  tend  to  show  that  there  are  limitations  in  the 
design  of  the  electric  generator  and  therefore  the  assertion  made 
tonight  that  the  limitation  of  units  is  entirely  a  question  of  the 
design  of  the  steam  turbine  cannot  be  upheld. 

To  sum  up  my  remarks,  we  are  confronted  with  great  engi- 
neering problems  the  ignoring  of  which  will  do  us  no  good,  but 
the  bold  and  courageous  facing  of  which,  with  all  the  Imowledge 
that  can  be  brought  to  bear  upon  the  subject  from  every 
possible  angle,  will  lead  to  success. 

The  course  of  evolution,  as  I  said  at  the  outset,  cannot  always 
be  upward.  The  size  of  the  machine,  as  far  as  cost  is  concerned, 
decreases  to  a  certain  point,  and  beyond  that  point  it  increases. 
Another  point  of  importance  is  the  increase  in  the  armature 
current  in  machines  of  50,000  kv-a.  or  over,  which  makes  the 
problem  of  reducing  the  heating  of  the  stator  coils  a  diflBcult 
one.  The  loss  which  is  troublesome  to  the  designer  is  the  loss 
produced  in  the  stator  coils  as  the  result  of  eddy  currents. 
That  trouble  increases  with  the  increase  in  the  cross  sectional 
area  of  the  coils.  It  may  become  necessary  to  increase  the 
standard  voltages  now  in  use  in  order  to  obtain  smaller  conduc- 
tors in  which  it  is  possible  to  reduce  the  eddy  current  losses  to 
such  an  extent  as  to  make  the  machines  safe  as  regards  coil 
heating. 
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W.  L.  R.  Emmet:  I  have  always  thought  it  a  strange 
condition  that  construction  so  radically  different  as  the  two 
types  of  turbines  present  in  these  papers  should  co-exist,  but  an 
analysis  and  examination  of  these  papers,  gives  a  good  explana- 
tion of  it.  Both  machines  described  show  the  evidence  of 
highly  scientific  study,  and  the  justification  for  either  might  be 
expected  to  be  found  in  the  results  which  they  have  produced. 

These  papers  do  not  give  direct  comparisons.  Mr.  Berg's 
paper  simply  seeks  to  show  the  limitations  imposed  by  rating 
up  of  machines.  It  gives  a  condition  which  corresponds  to  the 
highest  economy  obtainable  with  a  machine  of  that  type,  and 
then  shows  the  consequences  of  modifications  of  design  or  of 
increase  of  rating.  Mr.  Johnson's  paper  shows  the  general 
characteristics  of  limit  of  design,  and  gives  a  very  good  analysis 
of  all  the  strains  and  conditions  existing  in  the  turbine,  and  a 
statement  covering  the  whole  field  rather  more  particularly 
than  Mr.  Berg,  who  simply  speaks  of  two  specific  turbines. 

The  inherent  differences  between  the  impulse  and  the  reac- 
tion turbine  might  be  stated  as  follows,  as  I  understand  them — 
of  course,  I  understand  the  impulse  turbine  very  thoroughly, 
whereas  all  of  the  limitations  of  the  reaction  turbine  I  do  not 
understand,  although  I  have  studied  it  to  some  extent,  generally 
speaking,  in  certain  ways  the  less  work  you  do  in  a  single 
operation  in  a  turbine,  the  more  perfect  the  operation;  that  is, 
if  you  put  a  small  amount  of  work  into  a  stage  of  the  impulse 
turbine,  you  can  get  rather  more  perfect  nozzle  action,  and  a 
rather  better  performance.  The  Parsons  type  turbine  gives 
this  condition,  and  in  that  respect  is  very  good.  It  has,  how- 
ever, the  disadvantage  that  it  is  more  affected  by  leakage,  and 
that  the  action  of  the  stationary  parts  on  account  of  leakage  and 
other  conditions,  is  presumably  less  definite,  whereas  in  the 
impulse  turbine,  the  leakage  is  very  small,  and  the  action  of  the 
stationary  part,  by  suitable  proportioning  and  using  ample 
space,  can  be  made  very  efficient.  Thus  by  a  good  propor- 
tioning of  the  stationary  part,  quite  high  steam  velocities  may 
be  justified,  although  in  this  type,  also,  the  use  of  high  steam 
velocities  and  the  concentration  of  a  large  amount  of  work  in  a 
single  stage,  is  not  without  its  relative  disadvantages. 

Something  has  been  said  concerning  these  papers  relating  to 
limits  of  capacity,  and  I  am  rather  inclined  to  agree  with  Mr. 
Behrend  that  there  is  no  particular  reason  for  building  very 
large  turbines;  that  is,  there  has  been  a  good  deal  of  demp.nd 
for  very  large  turbines,  but  the  justification  for  them  is  not 
very  apparent  to  me.  With  turbines  of  the  type  we  build, 
such  as  described  in  Mr.  Berg's  paper,  there  is  a  distinct 
disadvantage  in  going  to  large  sizes  involving  low  speeds.  On 
account  of  the  great  diameter  of  the  wheels,  there  is  a  waste  of 
space  involved  and  practical  difficulties  in  diaphragm  construc- 
tion and  the  physical  structure  of  the  stator  becomes  excessively 
large   and    is   rather   objectionable.    The   large   double-unit 


1552  STEAM  TURBINES  [Nov.  14 

machine  which  has  been  built  by  the  Westinghouse  Company 
in  which  the  low-pressure  element  operates  at  a  low  speed  is  a 
splendid  machine,  but  these  machines  are  quite  large  and  expen- 
sive, and  there  seems  to  be  some  question  as  to  whether  two 
entirely  independent  units,  each  one  complete  in  itself,  may  not 
be  about  as  good  a  solution  of  the  problem,  as  far  as  the  user  is 
concerned.  The  effects  of  congestion  in  the  low-pressure 
stages  which  is  a  thing  which  chiefly  governs  the  rating  and  cost 
of  turbines  is  a  very  important  matter,  but  it  is  extremely  hard 
to  get  at  any  numerical  comparisons,  and  people  must  judge 
about  the  relative  values  from  experience  or  from  the  guaran- 
tees which  are  offered,  and  by  experience  in  use. 

I  can  see  a  certain  disadvantage  in  running  very  high  bucket 
speeds  in  a  machine  of  the  reaction  type,  on  account  of  concen- 
tration of  a  large  amount  of  work  in  a  single  row  of  blades, 
discrepancies  in  the  areas  of  successive  blades,  and  such  things 
as  that  in  the  low-pressure  end,  but  I  cannot  say,  quantita- 
tively, what  these  limitations  may  be,  so  I  really  do  not  know 
very  well  what  the  economic  limitations  are  of  such  turbines 
as  some  of  those  which  have  been  described.  In  our  machines, 
I  do  know  very  well  what  these  limitations  are,  and  Mr.  Berg's 
paper  has  tried  to  make  the  whole  matter  perfectly  clear. 

If  I  have  understood  or  observed  the  practise  of  Mr.  Parsons 
himself,  he  has  not  gone  in  for  very  high  bucket  speeds  in  the  re- 
action turbines.  The  construction  now  used  by  the  Westing- 
house  Company  from  the  mechanical  standpoint  seems  to  becon- 
servative  and  good,  but  what  its  efficient  limitations  may  be,  I 
do  not  very  well  know.  I  cannot  altogether  a^ee  with  Mr. 
Behrend's  generalizations  on  the  subject  of  vibrating  and 
static  strains.  If  we  could  not  calculate  upon  or  predict  the 
nature  of  vibrating  strains,  we  could  not  build  anything 
because  almost  everything  is  subject  to  motion.  However, 
there  are  pretty  definite  laws  which  govern  the  question  as  to 
whether  things  do  or  do  not  vibrate.  One  of  the  essentials  of 
sympathetic  vibration  is  the  rather  perfect  state  of  elasticity, 
and  many  structures  which  are  used  in  motion,  are  very  far 
from  that  perfection  of  elasticity,  which  will  enable  them  to 
vibrate  synchronously  with  any  periodic  force.  As  an  example 
of  that,  I  might  refer  to  an  armature  mounted  on  a  shaft — the 
shaft  may  be  regarded  as  an  elastic  structure  loaded;  but  in 
point  of  fact  what  it  is  is  an  elastic  structure,  the  shaft  upon 
which  a  very  inelastic  load  of  material  is  attached ;  that  is  the 
laminations  are  upon  it,  and  these  laminations  make  it  rela- 
tively inelastic.  In  the  same  way  these  rings  or  end  bells 
described  here  are  loaded  by  masses  of  coils  giving  very  high 
weight,  in  proportion  to  the  elastic  strain  on  the  ring,  and  also 
this  mass  on  it  is,  in  itself,  giving  a  condition  particularly 
favorable  to  dead  running,  so  I  would  really,  without  hesitation, 
put  a  strain  on  such  rings  to  the  highest  possible  degree,  without 
any  fear  of  their  being  broken  by  vibration. 
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As  to  this  question  of  periodic  motion,  it  is  the  cause  in  my 
opinion  of  the  breaking  of  certain  wheels  in  the  General  Electric 
turbines,  and  some  of  the  possibilities  of  that  situation  were 
beautifully  illustrated  the  other  day  in  Schenectady.  We 
made  up  out  of  rubber  two  or  three  wheels  some  rather  thick 
with  heavy  edges,  and  some  thinner  with  light  edges.  These 
edges  were  loaded  with  little  staples  hooked  through  them  in  a 
manner  equivalent  to  the  load  imposed  by  turbine  buckets  on 
wheels,  and  the  wheels  marked  out  like  a  checkerboard.  Holes 
were  put  in  the  wheels,  they  were  then  revolved  on  a  shaft,  and 
the  shaft  was  made  to  actuate  a  high  potential  spark  at  one  point 
of  its  revolution,  so  that  the  result  of  this,  when  running  in  the 
dark,  was  that  this  wheel  apparently  stood  still,  with  an  exact 
and  perfect  definition  of  its  markings.  The  dry  skin  on  the 
surface  of  the  rubber  was  even  visible  upon  close  examination, 
and  as  the  wheel  loaded  up,  you  could  see  the  skin  on  the  surface 
of  the  rubber  crack,  and  draw  into  various  forms,  indicating 
the  various  distribution  of  strains  around  the  holes,  and  the 
lines  we  drew  on  the  wheels  were  distorted. 

This  gave  us  a  beautiful  illustration  of  the  nature  of  centri- 
fugal strains  in  such  a  wheel.  That  is  what  we  did  it  for,  and 
did  not  expect  to  show  anything  else.  But  in  the  case  of  the 
lighter  wheel  when  we  came  to  run  it  up  to  a  given  speed,  we 
began  to  see  something  else,  and  that  something  was  this — 
that  the  edge  of  the  stationary  wheel  slowly  began  to  work 
around  like  a  snake,  crawling  slowly  through  the  grass,  that  is, 
it  would  have  three  or  four  points  in  it  that  would  go  worming 
around,  and  as  you  speeded  up  the  wheel,  the  snake  would 
travel  faster,  but  not  in  proportion  to  the  increase  in  the  speed 
of  the  wheel,  showing  the  state  of  elastic  distension  in  this  thing 
had  some  tendency  to  equalize  itself  through  a  periodic  action, 
which  was  not  an  accident. 

With  the  stiff er  wheels  we  had,  although  they  were  all  very 
limber,  made  of  rubber,  and  just  a  little  bit  thicker  at  the  edge, 
we  could  not  produce  that  effect.  We  could  not  run  them  at  a 
speed  so  they  would  stay  on  the  shaft,  and  at  the  same  time  be 
subject  to  this  motion. 

Generally  speaking,  all  tendencies  to  vibration,  and  particu- 
larly all  tendencies  to  injury  through  vibration,  diminish  very 
rapidly  as  the  object  is  made  stiffer,  because  the  local  strain 
produced  by  a  certain  amplitude  of  vibration  is  simply  a  ques- 
tion of  the  degree  of  elongation  of  the  fibres  on  the  surface. 
With  small  amplitude  of  motion,  the  degree  of  elongation  is  very 
minute,  and  consequently  the  strain  imposed  is  very  little. 
Movements  of  such  character  have  unquestionably  been  the 
principal  cause  of  the  very  serious  troubles  which  have  recently 
been  experienced  with  wheels  and  buckets  of  General  Electric 
turbines  of  the  newer  tjrpes. 

The  lightening  of  General  Electric  turbine  wheels  which  has 
made  such  trouble  possible  has  been  incident  to  the  use  of  a 
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very  light  method  of  bucket  arrangement  which  made  the  rim 
of  much  less  weight,  and  made  a  great  lightening  of  the  web 
possible  from  considerations  of  centrifugal  force  alone.  Lack 
of  stiffness  in  the  rim  as  well  as  in  the  web  conduce  to  this  tend- 
ency to  motion.  These  rubber  wheels  showed  that,  because  it 
was  only  with  the  light  rim  that  such  motion  was  produced. 

Mr.  Berg  stated  in  his  paper  that  the  generators  can  be  made 
up  to  the  limits  of  the  possibilities  of  the  turbine.  That  applies, 
of  course,  to  a  turbine  of  a  type  which  he  speaks  of,  but  if  you 
made  a  double-flow  turbine  of  the  same  speed,  you  would  soon 
get  beyond  the  capacity  of  the  generator,  and  I  personally  do, 
not  think  that  there  is  very  much  practical  advantage  in  trying 
to  build  a  turbine  up  to  the  capacity  of  the  generator  in  that 
way.  A  double  flow  turbine  of  the  same  type  could  be  made 
of  twice  the  capacity,  but  it  would  not  be  any  more  eflBcient, 
and  would  be  quite  complicated  and  large,  and  you  might 
find  it  necessary  to  have  two  generators,  and  probably  would, 
and  I  think  it  is  better  to  keep  to  a  reasonable  size,  and  have 
independent  turbine  imits. 

W.  J.  Foster:  Mr.  Newbury  has  very  kindly  asked  me  to 
tell  you  of  the  largest  generators  which  have  been  built  by  the 
General  Electric  Company,  and  I  will  begin  by  telling  you  that 
about  five  years  ago  there  were  three  30,000-kw.,  25-cycle 
generators  put  into  operation.  These  were  25-cycle  generators 
at  1500  rev.  per  min.  Since  that  time  we  have  put  into  service 
several  35,000-kw.,  25-cycle  generators,  and  one  of  approxi- 
mately 39,000-kv-a.  at  90  per  cent  power  factor,  now  oper- 
ating for  one  year. 

In  the  60-cycle  line,  we  have  several  6250-kv-a.  80  per  cent 
power  factor,  3600-rev.,  and  one  7500-kv-a.,  6000-kw.,  80  per 
cent  power  factor,  that  has  been  in  operation  about  one  year, 
and  we  are  building  3600-rev.  per.  min.  generators  up  to  9375- 
kv-a.  at  80  per  cent  power  factor. 

In  the  1800  rev.  per  min.  we  have  quite  a  number  of  31,250- 
kv-a.,  80  per  cent  power  factor  and  some  33,333-kv-a.  at  90 
per  cent  power  factor,  and  we  are  building  40,000-kv-a.  at  a 
power  factor  of  about  85  per  cent. 

In  the  1200  rev.  per  min.  we  have  had  a  50,000-kv-a.  in 
operation  about  one  year. 

Mr.  Newbury's  curve,  which  I  think  is  an  excellent  one,  and 
is  scientifically  correct,  is  based  apparently  on  80  per  cent  power 
factor.  He  makes  a  statement  which  agrees  with  my  experi- 
ence, that  the  limit  is  reached  in  the  rotor,  and  not  in  the  stator, 
with  these  high-speed  generators.  In  the  curve  Mr.  Newbxiry 
draws,  if  we  remove  the  power  factor  restriction,  and  put  it  on 
a  unity  power  factor  basis,  the  capacity  can  be  raised  about  20 
per  cent.  In  my  experience,  there  is  no  trouble  with  such 
temperatures  as  Mr.  Newbury  mentions  in  at  once  going  to 
20  per  cent  higher  kv-a.  output  on  that  curve  for  any  given 
speed.     In  other  words,  it  has  been  my  experience  to  design 
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the  generators  for  lower  temperatures.  They  are  in  the  105 
deg.  and  not  in  the  150  deg.  class,  and  that  is  also  true  in  the 
case  of  practically  all  of  the  60-cycle  generators  which  have 
been  built  by  the  General  Electric  Company  up  to  date. 

The  question  as  to  how  lower  temperatures  may  be  obtained 
in  the  stator  is  one  which  Mr.  Behrend  touched  on.  I  hardly 
know  why  he  considers  the  matter  of  eddy  currents  so  formid- 
able. It  may  be  impossible  to  design  a  machine  without  some 
eddy  currents,  but  there  is  no  need  of  having  them  in  anything 
like  such  quantities  as  to  imperil  the  life  of  the  machine  or  to 
cause  excessively  high  temperatures. 

There  is  a  point  with  reference  to  the  voltage — when  it 
comes  to  the  very  large  sizes — the  further  up  we  go  in  capacity, 
the  higher  the  voltage  must  necessarily  become.  If  we  should 
build  90,000-  or  100,000-kv-a.  generators,  it  would  be  difficult 
to  build  them  in  less  than  the  highest  voltages  at  which  we  are 
now  building  generators.  I  think  it  is  possible  with  1200  rev, 
at  the  present  moment,  by  new  equipment,  but  not  making 
such  a  radical  change  as  we  made  six  or  eight  years  ago,  when 
we  stepped  up  to  30,000  kv-a. ,  to  build  90,000-kv-a.  1200- 
rev.  machines. 

In  Mr.  Newbury's  paper  reference  is  made  to  the  ventilation, 
— axial  and  radial.  I  claim  that  the  radial  ventilation 
presents  greater  possibilities  in  furnishing  larger  surfaces  for 
the  cooling  media  to  remove  heat  from  the  parts  where  it  is 
generated,  from  the  iron  and  from  the  windings.  The  coils 
are  exposed  at  short  intervals,  and  thus  large  areas  of  them 
exposed  to  the  cooling  air.  In  addition  large  surfaces  of  the 
core  itself  are  exposed  so  that  heat  removal  is  far  more  effective 
than  in  anything  I  can  conceive  of  as  attainable  in  axial 
ventilation.  The  holes  in  the  core  that  are  put  there  for  the 
air  to  pass  axially,  cannot  be  right  in  the  teeth,  to  any  great 
extent.  They  cannot  be  very  close  behind  the  teeth,  except  at 
a  considerable  loss  in  efficiency.  The  area  of  the  walls  of  the 
holes  must  be  small  in  comparison  with  the  area  which  sur- 
rounds the  numerous  small  sections  in  the  radial  ventilation. 

I  remember  in  one  of  our  31,250-kv-a.,  11,000-volt  machines, 
where  a  careful  analysis  was  made  of  temperature  drops  from 
the  inside  of  the  coils,  the  temperature  drop  from  inside  the 
coil  to  the  outer  surface  of  the  insulation  or  through  the  insula- 
tion, was  between  30  and  31  deg.  The  drop  from  the  coil 
surface  through  the  short  space  of  laminations  was  4  deg.,  and 
from  that  surface  to  the  air  was  12  deg.,  even  at  the  low  rate  of 
flow  we  had  at  that  time. 

A  statement  was  made,  I  think,  in  the  paper,  that  in  the  case 
of  radial  ventilation,  the  area  of  entrance  at  the  two  ends  of  the 
machine  is  limited.  That  is  true.  But  we  are  discussing  now 
what  has  been  done,  and  what  is  possible,  and  I  wish  to  point 
out  that  several  years  ago,  the  first  General  Electric  machine 
embodying  the  multiple  flow  of  air  in  a  strictly  radially  venti- 
lated core  was  installed.    These  machines  have  been  tested  out 
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with  the  ventilation  both  ways — the  air  passing  in  simply  at 
the  two  ends  of  the  machine,  and  compared  with  air  passing  in 
with  multiple  paths,  and  the  result  has  been  a  decidedly  lower 
temperature  with  the  air  in  multiple  paths.  That  idea  can  be 
carried  further,  and  so  the  possibilities  of  running  at  lower 
temperatures  are  many. 

I  do  not  see  at  all  that  it  is  necessary  to  have  the  stator  as  a 
limiting  feature  in  the  low-speed  machines.  If  I  were  drawing 
a  curve  for  Mr.  Newbury,  a  practise  curve,  I  should  be  inclined 
to  put  the  heavy  line  on  the  other  side  of  the  dotted  line,  but  I 
agree  with  him  that  in  the  lower  speed  machines,  the  chances 
for  lower  temperatures  in  the  rotor  are  better,  inasmuch  as  with 
the  larger  diameters  it  will  be  possible  to  ventilate  the  rotor  to 
a  certain  extent  which  is  not  practicable  in  very  small  diameters. 

Mr.  Newbury  makes  a  reference  to  periodicity,  and  he  speaks 
of  the  advantage  of  50  cycles  over  60  cycles.     I  agree  with  him. 

Alexander  M.  Gray:  As  to  the  theoretical  limits  of  single- 
shaft  turbo  alternators  discussed  by  Mr.  Newbury,  such 
alternators  have  been  built  with  an  output  of  45,000  kv-a.  at 
1800  rev.  per  min.  and  one  naturally  wonders  what  is  the 
maximum  output  that  may  be  obtained  at  this  speed. 

The  rotor  diameter  is  not  limited  by  the  disk  stress  but  rather 
by  the  hoop  stress  in  the  end  connection  retaining  rings.  In 
the  case  of  a  51-in.  machine  rotating  at  1800  rev.  pef  min.  the 
peripheral  velocity  at  24,000  ft.  per  min.,  the  stress  in  a  coil 
supporting  ring  of  this  diameter  due  entirely  to  its  own  weight 
is  15,000  lb.  per  sq.  in.,  and  this  ring  must  also  support  the  end 
connections. 

The  maximum  rotor  excitation.  For  a  given  stress  in  the  rotor 
teeth  there  is  a  certain  slot  depth  which  gives  the  largest  slot 
area.  The  number  of  ampere  conductors  that  can  be  placed  in 
this  slot  is  limited  by  the  internal  temperature  and  a  consider- 
able portion  of  the  temperature  drop  is  through  the  rotor  slot 
insulation.  This  drop  can  be  kept  reasonably  low  by  the  use 
of  a  large  number  of  rotor  slots,  so  that  there  is  a  large  surface 
through  which  the  heat  may  pass.  It  has  been  shown  elsewhere 
that  with  a  tooth  stress  of  14,000  lb.  per  sq.  in.  and  100  deg. 
cent,  temperature  rise  above  the  entering  air,  the  maximum 
excitation  is  about  1000  ampere  turns  per  pole  per  inch  of  rotor 
diameter,  or  51,000  ampere  turns  per  pole,  for  a  51-in.  machine. 

The  maximum  stator  excitation:  In  the  stator  m.  m.  f.  with 
full-load  current  is  equal  to  the  maximum  rotor  excitation,  then 
the  demagnetizing  effect  is  such  that  on  low  power  factor  the 
generated  e.  m.  f .  is  practically  zero,  and  the  regulation  of  the 
machine  exceedingly  poor.  Machines  are  now  built  with  the 
armature  ampere  turns  per  pole  as  large  as  0.6  (maximum  rotor 
excitation).  In  the  case  of  the  51-in.  machine,  this  value  is 
30,000  ampere  turns  per  pole. 

The  generated  electromotive  force  can  readily  be  determined  if 

the  air  gap  flux  density  is  known.    The  flux  density  is  limited 

by  that  in  the  stator  teeth  and  if  we  assume  the  stator  tooth 
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density  to  be  100,000  lines  per  sq.  in.,  and  the  ratio  of  tooth  to 
slot  equal  to  1.1,  reasonable  value  for  13,000-volt  insulation, 
then  with  a  peripheral  velocity  of  24,000  ft.  per  min.  the  voltage 
induced  in  the  conductor  is  1.88  volts  per  in.  of  iron,  and  65  per 
cent  of  this  value  per  inch  of  machine.  This  gives  along  with 
the  figures  for  armature  excitation  a  value  of  about  450  kv-a, 
per  in.  of  iron. 

The  axial  length  of  rotor.  This  is  limited  by  the  alternating 
bending  stresses  in  the  journal,  it  being  assumed  that  the 
bearing  holds  the  journal  horizontally.  With  19-in.  water- 
cooled  bearings  the  rubbing  velocity  is  9000  ft.  per  min.,  and 
with  such  bearings  the  length  of  a  51-in.  rotor  between  bearing 
faces  is  310  in.,  if  the  bending  stress  is  limited  to  5000  lb.  per 
sq.  in.    This  stress,  be  it  not^,  is  alternating. 

With  a  length  between  bearing  faces  of  310  in.,  the  effective 
rotor  length  will  be  about  230  in.,  and  the  output  about 
70,000  kv-a. 

Summary.  The  maximum  output  of 
an  1800-rev.  per  min.  single-shaft, 
turbo-alternator,  is  about 70,000  kv-a. 

The  rotor  diameter 51  in. 

The  peripheral  velocity  of  rotor 24,000  ft,  per  min. 

The  temperature  rise  "bf  rotor  conduc- 
tors  s 100  deg.  cent. 

The  armature  m.  m.  f .  at  full  load 
equals  0.6  of  the  maximum  rotor 
excitation. 

The  flux  density  in  stator  teeth 100,000  lines  per  sq.  in. 

The  ratio  of  tooth  to  slot 1.1 

The  bearing  diameter 19  in. 

The  rubbing  velocity  of  bearing 9,000  ft.  per  min. 

The  axial  length  of  the  rotor  and  stator 
conductors  will  be  about 240  in. 

I  do  not  suggest  that  the  machine  such  as  the  above  should 
be  built.  There  will  be  undoubtedly  manufacturing  troubles 
due  to  the  length  of  coils,  and  also  trouble  due  to  the  movement 
between  conductor  and  insulation,  because  of  the  increase  of 
length  with  increase  of  temperature.  It  is  possible  to  reduce 
the  length  of  the  machine  and  the  various  factors  in  the  above 
summary  are  open  to  attack. 

R.  B.  Williamson:  I  desire  to  discuss  Mr.  Newbury's 
paper  on  ''Present  Limits  of  Speed  and  Output  of  Single- Shaft 
Turbo-Generators."  The  various  elements  that  go  to  limit  the 
possible  output  of  a  turbo  generator  operating  at  a  given  speed 
have  been  well  brought  out  by  Mr.  Newbury  in  the  present 
paper.  In  this  type  of  generator  the  mechanical  considerations 
are  equal  to  if  not  of  greater  importance  than  the  electrical 
features  and  as  the  two  are  more  or  less  antagonistic  the  design 
as  a  whole  must  be  a  compromise.  In  the  higher  speed  ma- 
chines the  maximum  possible  output  is  at  present  limited  by  the 


1558  STEAM  TURBINES  [Nov.  14 

rotor  while  in  large  slow-speed  generator  the  stator  becomes  the 
limiting  factor. 

So  far  as  the  rotor  body  is  concerned  this  is  made  of  carbon 
steel  and  as  pointed  out,  the  peripheral  speed  of  400  ft.  per  sec. 
is  as  high  as  it  is  advisable  to  run  on  the  higher  speed  machines. 
With  lower  rotational  speed  the  peripheral  velocity  might,  if 
necessary,  be  allowed  to  go  higher  than  this  so  far  as  tooth 
stresses  are  concerned,  because  of  the  lower  angular  velocity 
which  is  of  the  most  importance  in  determining  the  centrifugal 
stresses.  It  should  also  be  remembered  that  higher  peripheral 
speeds  result  in  greatly  increased  skin  friction  loss.  If  rotor 
bodies  could  be  made  of  alloy  steel,  the  stresses  might  be  pushed 
higher  and  larger  limiting  output  thereby  secured  but  this  kind 
of  steel  when  used  in  large  masses  is  very  liable  to  develop 
cracks  and  at  present  is  not  reliable  for  this  purpose.  Attempts 
to  use  this  steel  for  large  shafts  in  other  classes  of  machinery 
have  shown  this  to  be  the  case.  For  the  coil  supporting  rings 
at  the  ends  otthe  rotor  it  is  necessary  to  use  alloy  steel  but  here 
the  cross-section  is  comparatively  small  and  the  metal  is  very 
thoroughly  worked  during  the  process  of  forging  and  expanding 
the  ring  from  a  solid  piece.  Test  bars  from  these  end  rings 
almost  invariably  show  uniform  physical  qualities.  As  indi- 
cated in  the  paper,  these  end  rings  may  have  an  influence  on 
the  maximum  possible  output.  Referring  to  Figs.  2  and  3, 
of  the  paper  it  will  be  noted  that  the  rotor  coils  project  straight 
out  beyond  the  core.  Unless  the  wedge  used  for  retaining  the 
coils  in  the  rotor  slot  is  made  very  deep,  which  is  undesirable 
because  of  the  loss  of  valuable  copper  space  in  the  rotor  slots,  it 
follows  that  the  outer  diameters  of  the  end  rings  will  be  greater 
than  the  outside  diameter  of  the  rotor  body  as  shown  in  Figs.  1 
and  2.  The  inside  diameter  of  the  stator  laminations  must  be 
slightly  larger  than  the  outer  diameter  of  the  end  rings  so  that 
the  rotor  can  be  slid  into  the  stator,  thus  the  minimum  air  gap 
may  be  fixed  by  the  end  rings  which  thereby  indirectly  affect 
the  ampere  turns  to  be  supplied  by  the  rotor  and  the  possible 
limiting  output  for  a  given  speed. 

Referring  to  the  radial  system  of  ventilation,  Fig.  2,  the 
amount  of  air  that  can  be  passed  through  a  stator  is  limited  if 
the  air  is  passed  through  the  air  gap  because  the  cross  section 
of  the  gap  is  necessarily  limited.  However,  it  is  entirely 
practicable  to  use  the  radial  system  by  introducing  the  air  at 
the  back  of  the  laminations  between  the  latter  and  the  stator 
yoke  or  casing  and  blowing  it  radially  inwards  against  the  rotor. 
The  air  then  reverses  its  direction  of  flow  and  passed  out  radially 
through  the  adjacent  parts  of  the  stator  core.  By  this  means 
any  quantity  of  air  required  can  be  handled  readily  by  providing 
a  suitable  number  of  parallel  paths,  and  the  air  inlets  at  the 
back  of  the  laminations  can  be  made  of  ample  area  to  keep  the 
air  velocities  within  reasonable  limits.  This  arrangement  also 
has  the  advantage  of  introducing  cool  air  into  the  center  of  the 
machine  where  the  parts  normally  attain  highest  temperature. 
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This  method  of  ventilation  has  worked  out  successfully  in 
machines  having  a  ratio  of  stator  length  to  inside  diameter  of 
3  to  1  and  the  results  obtained  indicate  that  much  longer 
stators  could  be  ventilated  in  this  way  and  still  maintain  the 
central  portions  within  the  allowable  temperature  limits. 

Referring  to  the  curve  shown  in  Fig.  4  the  ouptuts  indicated 
are,  as  stated  by  the  author,  somewhat  in  advance  of  anything 
so  far  accomplished.  For  example  at  3600  rev.  per  min.  a 
possible  output  of  10,000  kv-a.  is  shown.  Machines  have  been 
in  operation  for  some  time  that  have  carried  loads  as  high  as 
7500-8000  kv-a.  at  3600  rev.  per  min.  in  regular  commercial 
service.  Of  course  these  generators  have  long  rotors,  but  we 
are  of  the  opinion  that  an  ultimate  output  of  10,000  kv-a.  at 
3600  rev.  per  min.  could  be  obtained  as  indicated  by  Mr. 
Newbury  without  going  beyond  the  limits  of  present  materials 
provided  such  output  should  be  considered  desirable  for  the 
steam  end  of  the  unit. 

Francis  Hodgkinson:  The  limit  of  capacity  of  a  steam 
turbine  is  exceedingly  hard  to  discuss  because  of  its  elasticity. 
Why  should  not  one  of  the  turbines  which  have  been  described 
have  their  diameters  slightly  increased,  and  be  provided  with 
slightly  greater  length  oiblades  when  the  turbine  would  have  a 
corresponding  increase  in  its  capacity.  To  what  extent  such 
things  may  be  done,  and  what  should  be  the  limits  of  stress, 
is  largely  determined  by  the  judgment  of  the  designer.  This 
applies  to  the  calculated  stresses  of  centrifugal  force,  etc.,  but 
in  addition  to  these  there  are  the  obscure  vibratory  stresses  to 
which  Mr.  Behrend  refers. 

It  is  difficult  to  draw  definite  lines  to  which  materials  may  be 
stressed  when  combined  with  indefinite  vibratory  stresses  and 
temperature  strains,  the  result  of  the  inner  and  outer  parts  of 
the  revolving  limits  being  at  different  temperatures  on  a  change 
of  load  or  operating  conditions.  To  do  so  is,  after  all,  to 
determine  what  risks  shall  be  taken.  The  designer  is  some- 
times in  an  unfortunate  position,  in  that  commercial  pressure 
is  brought  upon  him  to  increase  speeds  and  dimensions  beyond 
what  he  considers  best  judgment,  which  at  times  is  hard  to 
resist. 

Turbines  have  increased  in  capacity  of  late  years  in  the 
manner  Mr.  Torchio  has  recited,  and  as  far  as  my  association 
with  them  has  been  concerned,  I  have  always  felt  that  every 
increase  of  size  should  be  accompanied  by  an  increase  in  the 
degree  of  reliability. 

Mr.  Behrend,  in  his  discussion,  touched  on  some  real  truths. 
Of  course,  he  referred  principally  to  the  type  of  turbine  built 
by  competitors  of  the  company  I  represent,  but  I  venture  to 
say  that  any  of  the  turbine  disks  he  described  would  stand  the 
destructive  bending  tests  which  Mr.  Behrend  pointed  out  as 
desirable.  I  believe  they  would  pass  such  a  bending  test 
perfectly  well,  but  such  material,  ductile  and  strong  though  it 
may  be,  would  still  be  unable  to  resist  continued  vibratory 
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stresses,  should  they  produce  strains  slightly  above  the  elastic 
limit  in  any  fibers.  I  do  not  say  that  such  vibrations  neces- 
sarily exist,  but  should  they  do  so  and  any  fibers  be  stressed 
beyond  the  elastic  limit,  the  end  will  be  disastrous. 

The  views  of  engineers  have  undergone  some  change  of  late 
years  in  that  the  physical  characteristics  of  reduction  of  area  is 
considered  one  of  the  most  important  features,  for  it  is  this 
physical  characteristic  which,  when  structures  are  locally 
strained  beyond  the  elastic  limit,  produces  a  strengthening  of 
that  part  and  permits  an  evening  up  of  the  stresses  throughout 
the  structure. 

Mr.  Emmet  referred  to  a  power  station  in  which  single  units 
were  employed  as  compared  with  cross-compound  units.  I 
have  personally  favored  these  cross-compound  units  for  the 
reason  of  simplicity.  A  turbine,  working  with  high  pressures 
at  one  end,  and  high  vacuum  at  the  other,  calls  for  skiirin 
arranging  the  distribution  of  the  metal  of  the  turbine  structure 
so  that  expansion  and  contraction  shall  be  uniform  and  no 
distortion  result.  Any  simplification  of  the  structure  is,  there- 
fore, an  advantage.  By  cutting  the  steam  cycle  in  two,  and  so 
similarly  dividing  the  temperature  range,  there  is  a  direct 
simplification.  Many  people  regard  the  cross-compound 
principle  as  a  redundancy,  because  there  are  twice  as  many 
D^irings.  Bearings  do  not  give  any  trouble.  That  does  not 
mean  anything,  but  the  simplicity  of  the  turbine  structure 
means  a  great  deal.  There  is  a  further  advantage  that  different 
speeds  may  be  employed  for  each  of  the  elements,  selecting 
that  speed  which  is  most  appropriate  for  the  steam  volumes  in 
the  high-and  low-pressure  elements  respectively.  For  example; 
for  60-cycle  work  the  high-pressure  turbines  may  operate  at 
1800  rev.  per  min.,  the  lows  at  1200;  similarly  for  25-cycle 
service  the  high  may  operate  at  1500  rev.  per  min.,  the  low  at 
750,  although  in  certain  cases  two  low-pressure  turbines  have 
been  employed,  all  three  elements  operating  at  1500  rev.  per 
min.  By  means  of  such  construction  high  stresses  may  be 
avoided  and  ordinary  commercial  materials  employed. 

B.  G.  Fernald:  In  Mr.  Johnson's  paper  the  importance  of 
the  reliability  factor  in  turbine  design  is  strongly  emphasized. 

The  calculated  stresses  in  his  turbine  rotor  when  operating 
at  20  per  cent  over  normal  speed  is  given  at  20,000  lb.  per  sq, 
in.  or  when  operating  at  normal  speed  at  13,900  lb.  per  sq.  in. 

The  elastic  limit  of  the  material  used,  as  determined  by  test 
rings  taken  from  the  billet  close  to  the  point  of  maximum 
stress  is  from  22,000  to  25,000  lb.  per  sq.  in. 

The  material  used  is  ordinary  carbon  steel  and  is  not  sub- 
jected to  any  heat  treatment  other  than  thorough  annealing. 

In  Mr.  Berg's  paper  the  calculated  stresses  at  normal  speed 
in  the  rotor  wheels  of  his  turbine  design  are  given  as  23,450  lb. 

Eer  sq.  in.  in  the  hub  and  22,950  lb.  per  sq.  in.  in  the  web  and 
e  uses  a  nickel  steel  disk  quenched  and  tempered  and  claims 
an  elastic  limit  of  55,000  lb.  per  sq.  in.    No  information  is 


1919]  DISCUSSION  AT  NEW  YORK  1561 

given  as  to  the  method  of  obtaining  the  test  specimens  or  their 
location  with  respect  to  the  finished  wheel. 

Now,  on  the  face  of  it  the  element  of  safety  would  seem  to  be 
greater  with  the  heat  treated  alloy  steel  disks  of  the  G.  E. 
design  than  with  the  annealed  disks  of  the  Westinghouse 
design,  since  the  margin  between  the  calculated  stress  and  the 
elastic  limit  of  the  material  is  greater. 

The  reverse,  however,  would  seem  to  be  the  case  since  Mr. 
Berg's  report  mentions  several  failures  of  their  design  and  Mr. 
Johnson  reports  no  failure  of  the  Westinghouse  design.  From 
my  own  knowledge,  I  would  not  pretend  to  offer  a  definite 
opinion  on  the  cause  of  the  accident  to  the  disk  wheels  or  to 
question  the  accuracy  of  Mr.  Berg's  diagnosis  of  the  trouble, 
but  I  submit  that  his  explanation  does  not  take  into  considera- 
tion the  fact  that  the  failure  of  the  disk  occurred  where  the 
calculated  stresses  were  lowest  but  where  the  unknown  internal 
stresses  would  probably  be  highest  if  a  disk  of  substantially  the 
same  form  shown  in  Fig.  3  were  quenched  by  immersion. 

I  wonder  if  any  one  has  had  such  experience  as  will  enable 
him  to  tell  us  that  we  can  heat  treat  a  disk  and  know  when  we 
get  through  that  the  disk  is  free  from  internal  shrinkage 
stresses? 

Recently  the  Emergency  Fleet  Corporation  placed  a  contract 
for  eight  twin-screw  troop  ships,  each  screw  being  driven  by  a 
cross-compound  single-reduction  geared  turbine  of  6,000  s.  h.  p. 
or  12,000  s.  h.  p.  total  for  the  ship. 

The  element  of  reHability  was,  of  course,  of  extreme  import- 
ance on  a  troop  ship  and  overshadowed  all  other  design  stresses. 
However,  before  the  vessels  were  under  construction  and  the 
final  contracts  for  the  turbine  let,  the  war  was  over,  and  it  was 
decided  to  convert  the  vessels  into  passenger  steamships. 

While  reliability  was  still  of  the  utmost  importance  and  we 
wanted,  if  possible,  to  secure  turbine  units  which  would  be  free 
from  the  troubles  which  had  been  so  prevalent  on  the  smaller 
cargo  vessels,  it  was  necessary  that  the  design  take  into  consid- 
eration high  economy  as  well  as  reliability.  It  was  realized 
that  the  turbine  designers  task  in  satisfying  the  dual  considera- 
tions of  reliability  and  economy  would  be  simplified  by  using 
material  permitting  high  unit  stresses. 

Very  little  exact  information  about  the  character  of  alloy 
steel  which  we  would  receive  from  the  mills  was  available  to  us, 
but,  we  did  know  from  general  experience  during  the  war  that 
the  mills  were  not  making  extra  good  material  and  it  was  diflS- 
cult  and  unreasonable  to  attempt  to  force  them  to  produce  the 
large  quantity  required  and  hold  them  to  close  limits  of  quality. 
Furthermore,  our  inspection  facilities  were  inadequate  to 
competently  handle  such  an  exacting  task  and  our  experience 
had  not  warranted  us  in  dispensing  with  all  inspection  so  it  was 
finally  decided  to  limit  the  designers  of  the  turbines  to  the  use 
of  ordinary  commercial  carbon  steel  with  no  heat  treatment 
other  than  thorough  annealing  and  all  calculated  sttosss^  VaA. 
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to  be  based  on  and  kept  well  within  the  elastic  limit  of  such 
material. 

We  realized  that  we  were  open  to  criticism  for  being  ultra- 
conservative,  but,  we  could  not  secure  information  warranting 
us  in  taking  any  other  course  and  we  were  particularly  uncer- 
tain about  the  possibility  of  successfully  heat  treating  alloy 
steel  disks  for  turbine  wheels. 

While  the  information  would  be  too  late  for  use  in  the  con- 
nection just  mentioned,  I  would  ask  Mr.  Berg  to  give  us  some 
information  about  the  heat  treatment  of  the  disks  of  his  design 
and  the  test  methods  used  for  determining  that  the  elastic 
limit  mentioned  existed  in  the  disk  itself.  It  is  recognized,  of 
course,  that  it  is  not  diflScult  to  obtain  by  heat  treatment  an 
elastic  limit  of  55,000  lb.  in  a  small  bar  of  uniform  section  such 
as  is  used  for  test  pieces. 

B.  A.  Behrend:  As  to  the  points  brought  up  by  Mr. 
Emmet  and  Mr.  Hodgkinson,  I  may  point  out  that  vibratory 
stresses  need  not  be  stresses  due  to  resonance.  Vibratory 
stresses  are  all  stresses  which  change  in  direction.  If  resonance 
occurs,  there  will  be  more  rapid  destruction  in  a  shorter  time 
interval.  Where  there  is  no  resonance,  the  time  period  is 
lengthened  out  before  fatigue  occurs. 

Comfort  A.  Adams:  Mr.  Behrend's  remarks  in  regard  to 
the  fatigue  of  metals  are  very  interesting.  It  may  cheer  him 
to  know  that  a  very  elaborate  fatigue  phenomena  research  is 
now  being  conducted  at  the  University  of  Illinois  by  Ptof. 
H.  F.  Moore  under  the  auspices  of  the  Engineering  Division  of 
the  National  Research  Council.  More  than  $20,000  per  year 
is  to  be  expended  for  at  least  two  years,  of  which  $15,000  per 
year  is  contributed  by  the  Engineering  Foundation. 

Just  a  word  in  regard  to  the  electrical  end  of  this  problem. 
Mr.  Newbury  pointed  out  the  objection  to  using  high  tempera- 
tures and  the  very  slight  gain  in  output  due  to  allowing  exces- 
sive temperatures  of  the  rotor  conductors  owing  to  their 
increased  resistance.  Is  it  not  possible  that  the  longitudinal 
expansion  at  high  temperatures  and  the  consequent  slipping  of 
the  conductors  through  the  insulation  would  constitute  another 
limitation  to  temperature  for  any  given  length,  or  a  limitation 
of  length  at  the  higher  temperatures. 

Farley  Osgood:  I  have  heard  nothing  said  from  the 
operators'  standpoint  in  this  matter  of  turbine  design,  the  dis- 
cussion, which  has  consumed  virtually  the  entire  evening, 
having  been  confined  to  the  designers'  arguments.  It  is  the 
custom  to  separate  the  sheep  from  the  goats,  and  it  seems  well 
that  now  we  do  so,  in  that  as  the  discussion  up  to  date  has  been 
held  by  the  sheep,  whereas  nothing  has  been  heard  from  the 
goats,  namely,  the  users,  who  are  in  the  very  large  majority, 
and  who  are  the  victims  of  the  enthusiasm  of  the  designers,  as 
we  all  know.  It  gives  me  some  consolation  to  hear  less  talk  of 
50,000-  and  70,000-kw.  units,  the  authors  having  confined  their 
discussion  to  units  approximating  a  30,000  kw.  limit  in  design. 
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From  the  standpoint  of  the  operators  there  are  some  very 
important  features  which  do  not  seem  to  have  been  touched  on 
specifically  this  evening,  and  they  might  very  properly  be 
divided  into  four  classes:  1.  continuity  of  service;  2.  capa- 
city of  unit  out  of  service  during  periods  of  repair;  3.  invest- 
ment cost  of  units  out  of  service  or  for  spare;  4.  lengtti  of  time 
to  make  necessary  housekeeping  repairs  to  the  units. 

As  to  the  continuity  of  service,  I  believe  the  designers  now 
have  sufficient  experience  to  guarantee  a  very  high  percentage 
of  continuous  service  of  a  unit  if  they  do  not  permit  tiieir 
enthusiasm  to  take  them  into  sizes  which  lead  them  into  more 
or  less  uncertain,  and  certainly  untried,  fields  of  strains  in  the 
materials. 

As  to  capacity,  I  think  it  is  a  matter  for  the  decision  of  the 
operator,  rather  than  the  designer,  to  elect  the  percentage  of 
his  whole  capacity  which  he  can  afford  to  have  out  of  service  at 
the  time  of  regular  or  emergency  repair,  and  the  operators' 
enthusiasm  for  improved  eflSciency  from  large  units  should  not 
lead  him  to  a  decision  which  may  affect  his  whole  service,  when 
his  large  units  are  off  the  line. 

The  cost  of  these  large  units,  as  compared  with  their  smaller 
relatives,  should  be  carefully  considered,  not  so  much  from  the 
standpoint  of  their  value  when  running,  which  question  they 
answer  themselves  by  their  performance,  but  from  the  stand- 
point of  idle  investment  when  the  units  have  to  be  off  the  Une. 

Finally,  and  most  important  of  all,  is  the  length  of  time  to 
care  for  these  large  machines,  and  it  seems  to  be  clearly  indi- 
cated by  the  papers  that  such  machines  require  special  tools, 
specially  trained  men,  and  usually  factory  work,  when  anything 
but  the  most  minor  repairs  are  made,  and  this  certainly  means 
long  delays  from  every  standpoint,  so  that  a  machine  which 
can  be  cared  for  locally,  either  by  the  operating  company's 
men,  or  local  machine  shops,  has  many  advantages  over  a 
machine  requiring  specialists  and  special  factory  attention,  all 
this  from  the  time-out  standpoint.  I  have  said  before  on  this 
floor  that  the  manufacturers  give  birth  to  the  children,  and  the 
operators  raise  them  and,  as  most  of  us  know  what  it  means  to 
raise  children  and  take  them  through  the  various  vicissitudes 
of  early  life,  I  think  we  can  say  unhesitatingly  that  the  operating 
group  are  much  more  familiar  with  the  behavior  of  the  units 
turned  out  by  the  designers,  than  are  the  designers  themselves. 
I  am  firmly  convinced  that  the  designers  do  not  give  enough 
attention  to  the  units  in  operation,  that  they  do  not  spend 
enough  time  on  the  properties  of  their  several  customers,  to 
become  intimately  familiar  with  facts  which  should  materially 
assist  them  in  turning  out  a  product  which  will  be  more  satis- 
factory to  both  the  maker  and  the  user,  and  I  trust  that  even 
in  the  rush  of  business,  which  seems  to  be  upon  everybody,  the 
necessity  of  closer  cooperation  between  the  designers  and  the 
users  will  be  so  appreciated  as  to  bring  such  a  thing  about. 
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I  very  much  regret  that  there  is  no  time  for  a  detailed  dis- 
cussion from  the  operators'  standpoint,  as  I  notice  a  number 
of  able  operators  here,  who  could  add  most  usefully  to  the  dis- 
cussion of  this  most  important  subject  and,  in  fact,  I  was  not 
aware  that  the  entire  evening  was  to  be  given  up  to  the  details 
of  design,  but  I  take  the  liberty  of  expressing  a  hope  that  the 
Chairman  of  the  meeting  at  some  time  may  have  another  meet- 
ing on  this  very  important  subject,  at  which  the  operators  and 
the  designers  may  be  brought  together  and  at  that  time  the 
operators  may  be  permitted  to  do  the  shooting  instead  of  the 
designers,  as  has  been  the  case  this  evening. 

Eskil  Berg:  I  believe  that  Mr.  Emmet  has  pretty  nearly 
covered  all  the  questions  that  were  asked.  However  I  would 
like  to  point  out  that  the  wheel  discussed  in  my  paper  is  a  very 
conservative  wheel,  the  elastic  limit  being  55,000  lb.  which  is 
as  low  we  ever  found  in  actual  test.  The  great  majority  of 
wheels  test  65,000  lb.  or  higher.  We  have,  as  a  matter  of  fact, 
many  wheels  which  are  100  inches  in  diameter  running  success- 
fully at  1800  rev.  per  min. 

With  this  wheel  given,  the  best  possible  design  is  described, 
which  under  the  steam  conditions  stated,  is  shown  to  be  most 
economical  at  about  21,000  kw.  It  is  also  shown  that  by  re- 
ducing the  number  of  wheels  the  light  load  efficiency  can  be 
improved  by  a  slight  sacrifice  of  economy  at  higher  loads,  in 
which  case  the  best  point  would  be  at  about  26,000  kw. 

F.  D.  Newbury :  Mr.  Foster,  in  his  discussion,  advocates 
radial  ventilation  in  preference  to  axial  ventilation.  Up  to 
the  present  time  neither  system  has  reached  its  limit  of  develop- 
ment nor  become  a  bar  to  further  increase  in  rating.  It  has 
been  necessary,  however,  in  the  case  of  the  radial  system  to 
employ  a  four-path  design,  as  described  by  Mr.  Foster,  for 
the  larger  generators  while  with  the  axial  system  the  same 
conditions  have  been  successfully  met  with  a  two-path  design, 
that  is,  all  of  the  cooling  air  is  introduced  from  the  two  ends  of 
the  core.  The  four-path  design  can  be  employed  with  the 
axial  system  with  no  greater  complication  than  in  the  radial, 
so  that  the  axial  system  possesses  greater  possibilities  than 
does  the  radial.  This  is,  of  course,  due  to  the  fact  that  in  the 
two-path  radial  system  the  air-gap  annulus  is  the  only  air 
entrance  while  in  the  two-path  axial  system  this  is  supplemented 
by  the  parallel  axial  ducts. 

As  to  the  intrinsic  merits  of  the  two  systems  I  cannot  agree 
with  Mr.  Foster  that  the  radial  system  possesses  any  material 
advantage  over  the  axial.  The  Westinghouse  Company  has 
used  both  systems  extensively  and  has,  furthermore,  built 
experimental  generators  of  5000  kv-a.,  3600  rev.  per  min.  and 
10,000  kv-a.,  ISOO.rev.  per  min.  with  the  type  of  stator  venti- 
lation described  l3y  Mr.  Williamson.  These  experimental 
generators  were  rebuilt  one  with  radial  ventilation  and  one  with 
axial  ventilation  so  that  directly  comparable  results  were  ob- 
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tained.  Our  practise,  therefore,  is  based  on  practical  experi- 
ence with  all  three  systems  of  ventilation  in  use  in  this  country 
and  we  can  say  that  each  of  the  three  has  its  advantages  and 
its  defects.  We  prefer  the  axial  system  in  those  cases  where 
the  simple  two-path  radial  system  cannot  be  used.  Contrary 
to  Mr.  Foster's  opinion  it  is  possible  to  obtain  ample  core  cooling 
surface  with  axial  ducts  and  the  fact  that  the  axial  ducts  are 
not  actually  in  the  tooth  belt  is  compensated  for  by  the  fact 
that  the  heat  flow  is  in  the  direction  of  the  plane  of  the  lamin- 
ations instead  of  across  the  laminations,  thereby  making  use 
of  a  conducting  path  having  as  much  as  ten  times  the  heat — 
conductivity  of  the  transverse  path. 

Mr.  Foster  questions  the  importance  of  armature  coil  eddy 
current  losses  in  these  large  generators.  This  is  not  a  serious 
problem  in  25-cycle  units  but  in  60-cycle  generators  eddy- 
current  losses  become  an  important  factor  limiting  generator 
ratings.  In  30,000  kv-a.  1800  rev.  per  min.  13,000-volt  units 
designers  are  now  using  such  large  slot  sizes — in  some  cases 
6V^  and  7  in.  deep — that  the  attempt  to  increase  thestator 
rating,  or  to  reduce  copper  temperatures,  by  increasing  the 
slot  depth  increases  the  total  copper  loss,  on  account  of  increase 
in  eddies,  in  spite  of  the  decrease  in  PR  loss  and  increase 
in  coil  surface. 

I  wish  to  take  issue  with  Mr.  Foster's  statement  that  these 
large  60-cycle  generators  of  30,000  and  40,000  kv-  a.  capacity 
can  be  designed  with  actual  copper  temperatures  within  105 
deg.  total  temperature  based  on  40  deg.  air.  This  is  too  large 
a  question  to  discuss  adequately  here  but  it  is  a  very  important 
one  and  I  hope  papers  on  this  subject  may  be  presented  before 
the  Institute  in  the  near  future. 

Professor  Gray  gives  certain  figures  representing  limits  for 
1800  rev.  per  min.  generators.  These  limiting  figures  are  well 
in  accord  with  practise  except  in  one  important  particular. 
The  permissible  length  between  bearings  is  given  as  310  in. 
based  on  the  reversing  stress  in  the  neck  of  the  journal.  Criti- 
cal speed,  rather  than  stress  directly,  is  the  most  important 
factor  determining  the  maximum  rotor  length;  with  the  pro- 
portions reached  by  Professor  Gray  the  first  critical  speed  is 
about  two-thirds  of  the  running  speed  (in  coming  up  to  speed 
the  rotor  must  pass  through  its  critical  speed)  and  the  second 
critical  speed  is  only  a  little  above  the  running  speed.  These " 
are  not  conditions  that  would  be  considered  permissible  in  a 
large  and  important  unit.  The  largest  1800  rev.  per  min. 
rotors  so  far  built  are  only  half  the  length  arrived  at  by  Pro- 
fessor Gray  and  the  prospect  of  any  conside:'able  increase  in 
core  length  in  one  step  must  be  approached  with  circumspection. 


Presented  at  the  SCiOth  Meeting  of  the  Ameri- 
can Institute  of  Elecirical  Engineers,  New  York, 
December  12,  1919.  ^/ 
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APPLICABILITY    OF    AUTOMATIC    SWITCHING  TO 
ALL  CLASSES  OF  TELEPHONE  SERVICE 


BY  ARTHUR  BESSEY  SMITH 


Abstract  of  Paper 

This  paper  is  an  attempt  to  place  before  engnineers  general 
information  in  regard  to  automatic  telephone  switching. 

The  subscriber's  requirements  are  independent  of  the  means 
used  to  satisfy  them.  Automatic  switcmng  is  uniformly  fast 
and  involves  reduced  mental  stress  to  the  user  because  the  pass- 
ing of  the  number  is  positive  and  waiting  time  is  reduced  to  the 
minimum.  Viewed  by  the  owner  the  apparatus  has  longer 
life,  the  service  is  very  acceptable  to  the  pubhc,  and  but  a  tithe  of 
the  female  employees  are  used. 

Automatic  switching  apparatus  has  increased  greatly  in  marp^in 
of  safety.  Much  progress  has  been  made  toward  standardization 
of  form  and  toward  best  methods  of  maintenance.  A  few 
changes  in  structure  are  described  and  data  given  to  show 
margins  of  safety  in  operation.  Present  practise  regarding 
party  lines  and  measured  service  (cash  and  credit)  is  stated 
briefly.  The  durability  of  automatic  equipment  is  illustrated 
by  the  fact  that  plants  have  not  yet  worn  out.  Maintenance 
routines  are  essential  to  successful  operation.  Girls  do  routing 
testing  with  marked  success. 

Rujrai  telephone  lines  present  problems  which  have  been 
solved  in  several  ways,  influenced  by  the  greater  number  of 
telephones  .per  line,  the  conditions  of  signalling  subscribers, 
and  the  inferior  insulation  often  encountered.  Code  ringing 
can  be  retained.  Rural  automatic  service  is  only  a  little  inferior 
to  city  automatic  service. 

The  community  automatic  exchange  serves  a  small  group  of 
subscribers,  either  isolated  or  part  of  a  telephone  network.  The 
rotary  line  switch  is  used  because  it  is  simple,  reliable,  ^uick- 
acting,  and  provides  25  trunks.  Eight  variable  factors  m  ex- 
change design  are  presented  with  a  discussion  of  each. 

Toll  switching  in  an  automatic  exchange  gives  the  toU  operator 
direct  dialing  to  the  subscriber,  complete  control  over  his  line, 
and  periodic  ringing.  The  toll  network  has  also  been  improved  by 
applying  automatic  switches  to  intermediate  points,  so  that  the 
originating  toll  operator  can  set  up  the  complete  connection 
herself.  The  experience  of  the  past  twelve  years  shows  that 
this  increases  the  business-carrying  capacity  of  toll  lines  at 
least  50  per  cent  to  100  per  cent.  A  variety  of  schemes  are 
available. 

The  automatic  switching  of  telephone  lines  is  adaptable  to  all 
classes  of  telephone  service  and  offers  a  flexible  means  of  solving 
problems.  

ENGINEERS   and   others  interested   in   the  building  of 
telephone  plants  often  ask  the  question,  '*Will  the  auto- 
matic telephone  system  meet  the  needs  of  this  particular  case? 
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Though  it  may  be  successful  elsewhere,  perhaps  it  can  not  be 
adapted  to  suit  the  peculiar  conditions  found  here?"  To 
answer  such  questions  as  this  is  the  motive  underlying  the 
preparation  of  this  paper.  Though  the  writer  can  not  cover 
every  conceivable  condition,  he  believes  that  it  is  possible  to 
place  on  record  many  facts  which  will  be  useful  to'^  those  who 
have  to  do  with  automatic  telephony. 

The  approach  to  automatic  telephony  must  be  made  with  an 
open  mind.  A  highly  critical  attitude  prevents  one  from 
appreciating  such  facts  as  are  observed.  The  writer  formerly 
regarded  automatic  switchmg  bs  desu*able  but  somewhat 
inflexible.  His  experience  and  observation  have  led  him  to 
revise  his  opinion.  Automatic  switching  can  be  adapted  to 
meet  every  need  of  public  and  private  telephone  service,  and 
will  do  it  with  marked  advantages. 

Three  kinds  of  service  have  already  been  discussed  by  the 
Institute.  In  1908,  Mr.  W.  Lee  Campbell  presented  a  paper 
entitled  "A  Study  of  Multi-Office  Automatic  Switchboard 
Telephone  Systems,"  and  again  in  1910  a  paper  on  "A  Modem 
Automatic  Telephone  Apparatus."  In  1912  Mr.  Gerald 
Deakin  presented  "Private  Automatic  Exchanges  in  Apartment 
Houses."  In  1910  the  writer  discussed  "The  Automatic  Tele- 
phone in  Relation  to  City  Service,"  including  suburban  traffic. 

The  classes  of  telephone  service  which  are  to  be  treated  in 
this  paper  are  as  follows: 

The  single  office  exchange,  the  basis  of  discussion. 

Rural  lines. 

The  Community  exchange. 

Toll  or  county  line  network. 

Long  distance  toll  lines. 

The  comprehensive  system,  including  all  kinds  of  service. 

General  Considerations 

Before  taking  up  the  details  of  various  classes  of  service,  it  is 
well  to  call  attention  to  a  few  general  factors,  such  as  the 
requirements  of  subscribers  and  of  the  owners  of  telephone 
exchanges  and  of  the  characteristics  of  automatic  equipment 
most  generally  used. 

Subscriber's  Requirements,  The  subscriber's  requirements 
must  be  stated  in  terms  which  are  independent  of  apparatus  or 
methods.  Much  error  will  be  avoided  if  we  divest  our  minds 
of  conditions  imposed  by  any  one  means  of  rendering  service. 
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The  subscriber  requires,  without  unnecessary  delay,  without 
undue  stress  on  himself,  to  be  connected  to  the  telephone  which 
he  desires  (and  to  no  other),  to  talk  to  the  called  subscriber  with 
ease  and  without  interruption  or  eavesdropping,  and  to  have 
this  service  available  continuously.  Stated  concisely  the 
requirements  are 

1.  Speed  of  connection  (and  disconnection) 

2.  Ease  of  obtaining  connection  (and  disconnection). 

3.  Accuracy  of  connection. 

4.  Voice  transmission. 

5.  Secrecy. 

6.  Continuous  service. 

Repeated  tests  of  a  formal  nature  and  the  general  experience 
of  users  of  both  manual  and  automatic  equipment  have  settled 
conclusively  that  the  latter  is  very  much  superior  to  the  former 
in  speed  of  connection.  But  uniformity  has  value  as  well  as 
actual  speed  itself.  The  average  automatic  connection  is  com- 
pleted in  from  4  to  6  seconds,  regardless  of  the  time  of  day  or 
the  conditions  of  business.  Subscribers  judge  the  speed  of  a 
service  somewhat  by  the  average  speed,  but  more  especially  by 
the  occasions  on  which  they  suffer  delay.  The  fact  that 
automatic  service  is  uniformly  fast,  greatly  increases  its  value 
to  the  user. 

The  speed  of  connection  is  greatly  influenced  by  previous 
conditions.  If  a  connection  exists,  and  one  of  the  two  sub- 
scribers desires  immediately  to  make  another  call,  it  can  be 
done  most  quickly  with  the  automatic  telephone.  Hanging 
the  receiver  upon  the  hook  for  one  second  clears  the  line  and 
permits  the  immediate  originating  of  another  call.  A  large 
amount  of  telephone  business  may  be  transacted  in  a  short 
time  by  automatic  equipment. 

The  stress  laid  upon  the  subscriber  in  originating  a  telephone 
call  is  mental  rather  than  physical:  It  may  be  divided  into 
two  causes,  the  waiting  periods  and  the  transmission  of  the 
number  of  the  called  telephone. 

With  the  automatic  telephone,  waiting  is  reduced  to  a  very 
low  factor.  Things  begin  to  happen  the  instant  the  receiver  is 
removed  from  the  hook.  The  subscriber  has  something  to  do 
from  the  very  start,  and  when  he  gets  through  doing  it,  the 
connection  has  been  completed  and  the  bell  of  the  called 
telephone  is  beginning  to  ring.  The  only  waiting  period  is  the 
time  of  ringing.    Even  during  this  time  the  subscriber's  mind 
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is  more  or  less  occupied  by  the  sound  of  the  ringing,  which  he 
can  hear.  Or  if  the  called  line  is  busy,  he  is  immediately 
informed  of  that  fact  by  the  unmistakable  "busy  tone."  Not 
only  does  the  automatic  telephone  greatly  reduce  the  waiting 
time,  but  to  a  certain  extent  it  conceals  the  total  time  required. 

The  transmission  of  a  directory  number  by  the  dial  of  the 
calling  device  produces  less  strain  on  the  user  than  the  effective 
transmission  of  the  same  number  by  the  voice.  It  requires  a 
distinct  effort  to  enunciate  the  syllables  of  the  various  digits 
clearly  enough  to  prevent  mistakes.  On  the  contrary,  the 
sending  of  the  number  by  a  calling  device  is  easy  and  involves 
no  appreciable  stress.  For  each  digit,  the  finger  is  inserted  in 
the  proper  hole,  the  dial  rotated  to  the  finger  stop  and  let  go 
free.  The  mechanical  definiteness  of  number  transmission 
makes  automatic  calling  easy. 

When  a  subscriber  desires  to  talk  to  a  certain  telephone,  he 
wants  that  telephone  and  no  other.  It  is  a  distinct  advantage 
to  him  to  know  that  he  is  getting  exactly  that  number.  This 
is  afforded  by  automatic  switches  to  a  much  greater  degree  than 
by  human  beings.  Automatic  switches,  as  now  made,  have  a 
large  factor  of  safety  against  error.  They  are  designed  and 
constructed  so  as  to  be  as  permanent  in  structure  as  modem 
materials  will  permit.  Each  part  is  separately  adjusted  within 
limits  which  impose  rigorous  conditions.  The  final  assembly  is 
again  tested  under  conditions  far  more  severe  than  those  found 
in  service.  The  chance  of  getting  a  wrong  number  by  fault  of 
the  apparatus  is  so  small  that  it  can  be  entirely  neglected. 
This  fact  is  soon  discovered  by  habitual  users. 

There  is  nothing  inherent  to  automatic  telephone  equipment 
to  prevent  the  very  best  voice  transmission. 

Much  has  been  said  for  and  against  the  value  of  the  secrecy 
of  the  automatic  telephone.  It  still  remains  true  that  users  of 
the  system  recognize  and  value  this  property.  It  has  been 
said  that  the  operator  at  a  manual  switchboard  is  too  busy  to 
listen  to  conversations — this  is  true  only  during  peak  loads. 
Some  manual  switchboards  have  "automatic  listening'',  which 
excludes  the  operator  as  soon  as  her  work  is  done — this  prevents 
her  from  giving  the  connection  any  supervision,  and  defeats 
part  of  the  fancied  advantage  of  having  a  hiiman  intermediary. 
It  has  been  said  that  the  mechanicians  employed  in  automatic 
switchrooms  constitute  as  much  menace  to  secrecy  as  the 
manual  operator.    This  is  not  so  because  the  man's  work  is 
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laid  out  according  to  a  fixed  routine.  He  is  not  permitted  to 
run  about  the  room  according  to  the  dictates  of  his  own  judg- 
ment. What  he  shall  do,  when  and  how  he  shall  do  it  are  laid 
out  on  a  schedule.  His  day  is  uniformly  filled,  without  peak 
loads.  Secrecy  is  even  more  evident  in  the  private  automatic 
exchange,  where  the  personal  interest  between  people  is 
stronger  and  the  danger  of  eavesdropping  greater.  These 
switchboards  are  without  constant  attendance;  they  run  for 
long  periods  without  adjustment  or  repair. 

Absolutely  continuous  telephone  service  has  come  to  be  the 
standard.  Continuous  service  is  given.  But  it  is  well  known 
that  manual  night  service  is  not  as  prompt  or  as  good  as  day 
service.  Automatic  switches  work  just  as  promptly  and 
accurately  at  midnight  as  at  noon.  The  public  deserve  as 
good  night  service  as  day  service,  for  often  the  need  of  a  single 
night  call  may  be  more  acute  than  that  of  many  day  calls. 

Requirements  of  Operating  Company.  The  requirements  of 
the  operating  company  are  determined  by  viewing  the  telephone 
exchange  as  an  investment.  It  must  3rield  an  adequate  income 
to  the  stockholders.  It  must  be  a  permanent  business.  To 
be  stable  means  that  it  must  render  satisfactory  service  to  the 
subscriber  and  not  be  too  difficult  to  manage.  These  require- 
ments are  not  all  that  there  are,  but  they  have  an  important 
bearing  on  the  business, 

1.  Earning  ability  of  investment. 

2.  Permanence  of  investment. 

3.  Satisfactory  service  to  subscriber. 

4.  Ease  of  management. 

Telephone  exchanges  must  pay  their  way.  If  automatic 
exchanges  do  not  pay,  there  would  not  be  any  of  them  left  in 
existence  today,  for  this  movement  is  twenty-seven  years  old. 

Five  exchanges,  formerly  manual,  were  converted  to  auto- 
matic. They  ranged  in  size  from  2300  lines  and  4400  tele- 
phones to  38,000  lines  and  44,000  telephones.  The  totals  for 
the  five  were  47,000  lines  and  65,000  telephones.  The  com- 
parison of  expenses  is  as  follows: 

Manual        Automatic 

Total  operating  and  maintenance  ex- 
pense per  year $552,600.00  $136,800.00 

Average  per  line  per  year 11 .77  2.92 

Average  per  telephone  per  year 8. 50  2.11 

At  least  ten  of  the  exchanges  in  the  United  States  are  from 
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fourteen  to  sixteen  years  old.  Based  upon  the  record  of  the 
existing  plants  and  the  improvements  in  use  today,  new 
exchanges  are  built  every  year. 

The  permanence  of  an  investment  depends  upon  the  rapidity 
with  which  the  equipment  is  destroyed,  the  danger  of  its  being 
rendered  obsolete  by  reason  of  advances  in  the  art,  and  the 
attitude  of  that  court  of  last  appeal,  public  support. 

An  apparatus  to  be  a  permanent  investment  as  to  deprecia- 
tion, must  be  capable  of  being  kept  in  first  class  running  order 
by  ordinary  maintenance,  without  stretching  the  meaning  of 
the  word. 

Surely  any  equipment  which  in  ten  years  becomes  so  badly 
worn  that  it  can  not  give  adequate  service,  or  that  the  repairs 
are  considered  excessive,  so  that  it  must  be  thrown  out  bodily, 
can  not  be  considered  as  being  very  permanent. 

The  life  of  an  automatic  switchboard  is  not  known.  Num- 
erous switchboards  now  in  operation  were  installed  more  than 
15  years  ago,  have  been  in  constant  service  since  then,  and  are 
still  giving  the  same  grade  of  service.  All  the  moving  parts  are 
subject  to  no  other  forces  than  those  of  the  switch  itself. 
Those  forces  are  adequate  and  are  always  properly  directed 
every  time  they  act.  Those  parts  which  wear  are  capable  of 
easy  renewal  and  are  taken  care  of  by  ordinary  maintenance. 

Although  the  structure  of  automatic  telephone  apparatus 
has  been  changing  through  a  considerable  period  of  years, 
most  of  the  changes  are  beyond  the  observance  of  the  subscriber. 
The  oldest  equipment  gives  nearly  as  quick  and  satisfactory 
service  as  the  latest.  The  telephone  instrument  has  been 
improved  in  appearance,  but  the  old  ones  are  still  giving  a 
service  comparable  to  that  rendered  by  the  new.  For  this 
reason,  there  is  little  obsolescence  to  automatic  equipment. 
This  being  true  of  old  apparatus,  it  is  much  more  true  of  the 
latest  apparatus  on  the  market. 

Public  support  is  a  factor  which  must  receive  adequate 
consideration.  Though  in  the  past  some  have  ignored  it,  the 
results  have  been  anything  but  pleasant  and  have  reacted 
unfavorably  upon  those  who  did  the  wrong.  Any  business  to 
be  classed  as  permanent,  must  have  with  it  public  support,  and 
the  more  of  it  the  better. 

The  public  recognizes  and  supports  the  company  which  gives 
its  patrons  the  benefits  of  improved  service  obtained  from  new 
devices.    They  may  not  clamor  for  something  which  is  rather 
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hazy  or  of  which  they  do  not  know.  But  let  them  once 
experience  the  benefits  due  to  the  new  device  and  their  support 
is  assured. 

It  is  a  matter  of  record  that  the  great  mass  of  the  public  who 
have  habitually  used  both  services,  prefer  automatic  to  manual. 
It  is  not  a  doubtful  majority — the  preference  is  as  nearly 
unanimous  as  can  be  found.  In  1911  the  Automatic  Electric 
Company  sent  out  3000  letters  to  subscribers  who  had  been 
using  both  manual  and  automatic  service,  and  1869  replies 
were  received  of  which  91.7  per  cent  unqualifiedly  preferred 
automatic  service.  Since  then  others  have  investigated  the 
subject  with  varying  results,  but  always  with  the  ratio  in  the 
same  direction  and  very  positive. 

Other  things  being  equal,  people  prefer  an  investment  which 
is  easy  to  manage.  One  which  presents  troublesome  questions 
which  seem  never  to  come  to  an  end  is  shunned,  because  one 
can  never  tell  when  something  may  upset  the  financial  condi- 
tion. Any  factor  which  makes  the  business  easier  to  manage, 
renders  the  investment  more  attractive. 

The  manual  telephone  operator  is  the  source  of  exceedingly 
vexatious  problems.  She  requires  careful  handling,  adequate 
accessory  conditions,  and  although  her  pay  is  rising  from  year 
to  year  she  does  not  stay  long  in  the  business.  At  best,  hers  is 
a  nerve  trying  occupation,  and  it  is  no  wonder  that  conditions 
are  as  they  are.    They  are  inherent. 

The  automatic  telephone  switchboard  removes  about  90 
per  cent  of  the  female  help  in  central  offices.  The  increase  in 
male  help  is  only  about  9  per  cent.  The  duties  of  the  former 
human  operators  are  performed  by  machines  which  require  no 
"managing." 

Equipment  Characteristics 

Automatic  apparatus  of  various  kinds  has  been  described  so 
often  that  a  general  explanation  is  unnecessary.  The  type  best 
known  has  been  the  subject  of  Institute  papers,  as  well  as  of  a 
few  books. 

Factor  of  safety  is  a  thing  of  great  importance.  Upon  it 
depend  the  maintenance  expense  and  the  dependability  of  the 
service  rendered  to  the  public.  This  is  the  principle  which 
guided  the  development  of  automatic  switching.  Seemingly 
small  details  exert  great  influence  upon  the  performance  of 
apparatus.  Some  factors  do  not  impress  the  casual  observer, 
yet  they  have  great  influence  upon  results. 


1574  SMITH:  AUTOMATIC  TELEPHONE  SWITCHING  [Deo.  12 

A  brief  presentation  of  some  of  the  improvements  which  have 
been  made  in  recent  years  will  bring  the  record  of  the  subject 
up  to  date.  It  concerns  chiefly  the  redesign  of  parts  of  the 
apparatus  and  the  standardization  of  the  assembly,  adjustment, 
and  mode  of  maintenance. 

The  automatic  switch,  Fig.  1,  presents  a  new  general  appear- 
ance. The  relays  are  mounted  above,  the  magnet  mechanism 
in  the  middle,  and  the  banks  and  wipers  below.  The  relays  and 
magnets  are  protected  by  a  cover  individual  to  each  switch. 

The  material  of  the  switch  frame  has  been  changed  from  die- 
cast  metal  to  cast  iron,  heavily  zinc  plated.  The  die-cast 
frame  was  subject  to  warping.  It  necessitated  rather  frequent 
re-adjustment  of  the  mechanisms  mounted  on  it  and  sometimes 
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even  the  chipping  down  of  a  lug  which  interfered  with  the 
movement  of  the  wiper-shaft.  The  cast  iron  frame  is  rigid  and 
unchanging.  Apparatus  mounted  on  it  requires  no  attention 
from  this  cause. 

The  sideswitch  has  been  abolished  on  nearly  all  switches  and 
its  work  performed  by  relays.  The  sideswitch  as  made  was  the 
source  of  considerable  trouble  due  chiefly  to  the  wiper  friction. 
Its  elimination  has  greatly  increased  the  certainty  of  action  of 
the  switch  as  a  whole. 

The  relay  has  been  completely  redesigned  (Fig.  2).  The  pin- 
pivot  has  replaced  the  point-pivot,  the  insulation  between 
contact  springs  made  permanent,  and  each  relay  rendered 
mechanically  independent  of  all  other  relays. 
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The  point-pivot,  when  adjusted  without  play  or  bind  was  as 
fine  a  pivot  as  could  be  made.  But  it  was  desired  to  have  a 
pivot  which  would  need  no  adjusting  at  all.  The  plain  pin 
pivot  has  just  enough  play  to  make  the  armature  work  freely, 
and  the  wear  is  inappreciable.  The  point  pivot  is  retained  on 
the  line  relay  of  the  plunger  line  switch,  where  the  conditions 
are  not  severe. 

The  relay  contact  springs  are  insulated  by  phenol-fibre,  which 
is  a  good  insulator  and  very  constant.  Each  assembly  of 
springs  is  aged  by  heat  treatment,  so  that  it  is  practically  one 
solid  mass.  Looseness  and  uncertainty  of  spring  action  have 
been  practically  wiped  oiit. 

The  relays  are  mounted  individually  on  a  base  plate  Fig.  3. 
This  base  plate  has  openings  through  which  the  relay  terminals 
(for  coils  and  springs)  extend  to  the  rear.  There  the  wiring  is 
placed,  connecting  the  relays  together  in  a  compact  but 
accessible  place.  A  plate  covers  the  wiring  so  that  none  of  the 
wiring  on  this  part  of  the  switch  is  exposed.  The  few  wires 
which  feed  the  magnets  and  wipers  pass  through  a  single  hole 
in  the  base  plate.  The  bas^  plate  carries  also  the  switch 
frame,  in  which  the  vertical,  rotary,  and  release  magnets  are 
mounted. 

The  adjustment  of  an  automatic  switch  may  be  divided  into 
two  parts,  the  relay  adjustment  and  the  adjustment  of  the 
motor  magnets.  Every  relay  is  adjusted  to  a  definite  armature- 
stroke  with  a  fixed  residual  airgap.  The  amount  of  contact 
that  each  spring  makes  with  its  mate  is  likewise  fixed.  These 
distances  are  measured  with  thickness  gauges  placed  between 
the  armature  and  the  pole  of  the  magnet. 

The  contact  springs  of  each  relay  are  given  a  tension  which  is 
measured  in  terms  of  the  operating  and  non-operating  currents. 
Thus  the  spring  tension  is  kept  within  limits. 

The  motor  magnets  (vertical,  rotary,  and  release)  are 
adjusted  in  a  definite  sequence  to  the  proper  relations  to  the 
wiper-shaft.  These  relations  are  also  expressed  in  distances, 
most  of  them  measured  by  thickness  gages. 

The  final  performance  of  the  completed  switch  is  tested  by 
being  operated  over  a  line  under  conditions  worse  than  any 
imposed  by  commercial  use.  The  calling  device  delivers 
impulses  at  14  cycles  per  second  with  an  impulse  ratio  of  61 
per  cent  (circuit  opened  0.61  of  total  impulse  period.)  One 
test  employs  a  line  of  zero  loop  resistance  with  a  20,000  ohm 
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leak  across  it.  The  other  test  employs  a  1200  ohm  line  without 
leakage. 

The  spring  tension  of  the  motor  magnet  armature  is  adjusted 
so  that  perfect  operation  is  secured  under  these  two  extremes 
of  line  conditions,  with  the  battery  voltage  between  46  and  49 
volts. 

The  control  of  automatic  switches  over  the  subscriber  line 
is  a  telegraph  problem.  The  elements  involved  Fig.  4  are  the 
line  circuit,  the  release  relay  circuit,  the  motor  magnet  circuit 
and  the  release  magnet  circuit.  All  but  the  line  circuit  are 
wholly  within  the  central  office  where  the  conditions  are  con- 
stant. Each  element  contributes  its  share  toward  fixing  the 
line  characteristics  which  are  necessary  for  operating  a  switch. 

The  normal  operation  is  as  follows:  The  calling  device 
springs  (CD)  are  opened  and  closed  as  many  times  as  there 


SHAFT 


FlO.    4 — C()NTK()LLIN(J  OiKCUIT  FOR  AUTOMATIC  SwiTCHIiOARD 


are  units  in  the  digit  being  transmitted.  The  line  relay  (LR) 
follows  these  impulses.  The  release  relay,  (Rel-Ry)  having  a 
copper  collar  remains  energized  during  the  series.  The  series 
relay  pulls  up  the  first  time  the  line  relay  falls  back  and  remains 
energized  during  the  series  of  pulsations  to  which  the  magnet 
(VM)  responds  by  moving  the  wiper  shaft  the  required  number 
of  steps.  At  the  end  of  the  group  of  impulses,  the  line  relay 
comes  to  rest  energized,  the  series  relay  falls  back  and  causes 
the  local  circuit  to  be  changed  to  suit  the  next  action. 

The  period  of  an  impulse  Fig.  5  is  the  time  from  the  opening 
of  the  line  to  the  next  opening  of  the  line.  It  includes  a  "break" 
and  a  "make."  The  upper  line  represents  the  time  that  the 
line  current  is  flowing.  It  is  shown  as  broken  three  times,  as 
in  sending  the  digit  "3."  Each  opening  of  the  line  produces 
one  pulsation  to  the  magnet.    This  is  represented  by  a  line 
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just  below  the  break  in  the  line  current.  Owing  to  the  delay 
of  the  line  relay  in  obeying  the  current,  there  is  a  little  time-lag 
at  the  beginning  and  at  the  end  of  each  pulsation. 

The  impulse  ratio  is  the  ratio  of  the  time  that  the  line  is 
opened  to  the  total  period  of  the  impulse.  Applied  to  the 
magnet,  it  is  the  ratio  of  the  time  of  current  flow  to  the  total 
period  of  the  impulse.  Formerly  a  fifty  per  cent  (0.5)  impulse 
was  used.  It  has  been  found  that  a  longer  opening  of  the  line 
circuit  gives  greater  certainty  to  the  selection,  so  that  sixty-one 
per  cent  (0.61)  is  now  used.    The  reasons  are  discussed  below. 

The  release  relay  must  be  held  energized  continuously, 
because  when  it  falls  back  it  will  cause  the  switch  to  release. 
The  greatest  break  in  current  which  the  release  relay  can  stand 
without  letting  go  is  about  77  per  cent.  (For  a  group  of  10 
impulses  at  10  per  second.)  At  the  beginning  of  a  group  of 
impulses,  the  release  relay  is  fully  energized.  While  the  line 
relay  armature  is  vibrating,  the  release  relay  is  kept  enerpzed 
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by  pulsations  fed  to  it,  one  pulsation  each  time  the  line  relay 
pulls  up.  If  these  pulsations  are  short,  the  magnetism  will  not 
be  fully  restored  each  time  but  will  gradually  run  down.  There 
is  always  enough  magnetism  remaining  to  hold  the  armatiu*e  to 
the  end  of  ten  impulses.  The  aging  of  a  slow  acting  relay 
(equipped  with  a  copper  collar)  always  tends  to  make  it  hold 
better. 

The  series  relay  must  also  remain  energized  as  long  as  pulsa- 
tions are  being  sent  to  the  motor  magnet.  The  shortest 
pulsation  which  it  can  have  is  about  28  per  cent  for  ten  pulsa- 
tions at  10  per  second.  The  conditions  which  supply  long 
pulsations  to  the  series  relay,  give  short  ones  to  the  release 
relay.  But  the  short  pulsations  which  each  can  endure  give  a 
large  range  through  which  the  ratio  can  vary  without  causing 
either  relay  to  cease  to  function  properly. 

The  vertical  magnet  requires  at  least  a  27  per  cent  pulsation 
and  not  more  than  86  per  cent  for  satisfactory  operation  imder 
the  same  conditions.  Being  in  series  with  the  series  relay,  it 
gets  the  same  impulse  ratio.  Since  the  magnet  has  consider- 
able work  to  perform,  it  can  stand  a  very  high  ratio. 
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The  rotary  magnet  of  a  connector  can  stand  a  variation  of 
impulse  ratio  from  30  per  cent  to  95  per  cent. 

The  total  performance  of  the  automatic  switch  is  judged  from 
the  standpoint  of  the  subscriber's  line.  Ordinarily  a  switch 
is  adjusted  to  work  over  lines  of  varjdng  length.  This  is 
because  any  telephone  may  use  almost  any  switch.  Some- 
times a  switch  is  to  be  used  on  one  line  or  trunk  only;  in  this 
case  the  line  relay  can  be  adjusted  to  operate  on  a  2500-  or 
3000-ohm  loop.  When  adjusted  for  such  a  loop  it  would  not 
work  well  on  a  low  resistance  loop  (300  ohms  and  under). 
liOop  resistance  of  the  subscriber's  line  does  not  include  the 
telephone  instrument  because  in  an  automatic  telephone  the 
talking  apparatus  is  cut  out  during  the  dialing  period. 

If  the  subscriber  line  is  of  zero  length  with  no  leakance  or 
capacitance,  the  impulse  ratio  may  vary  from  38  per  cent  to 
71  per  cent  without  causing  the  switch  to  fail. 

'The  effect  of  simple  line  resistance  is  to  lengthen  the  pulsa- 
tion delivered  to  the  motor  magnet,  and  shorten  the  pulsation 
to  the  release  relay.  This  results  in  weakening  the  release 
relay  so  that  it  may  start  to  fall  back  near  the  end  of  a  ten 
impulse  digit  and  if  the  line  resistance  be  excessive  may  even 
cause  premature  release.  If  the  loop  is  500  ohms,  the  impulse 
ratio  may  vary  from  36  per  cent  to  72  per  cent  without  causing 
the  switch  to  fail.  If  the  loop  is  1000  ohms,  the  limits  are  35 
per  cent  and  68  per  cent.    The  margin  for  safety  is  ample. 

The  practical  safe  limit  for  a  subscriber's  line  is  a  loop 
resistance  of  1000  ohms.  This  is  a  greater  resistance  than  is 
necessary  for  good  common  battery  transmission,  so  that  any 
loop  which  is  low  enough  in  resistance  for  good  transmission 
is  good  enough  for  automatic  dialing. 

The  effect  of  line  leakage  is  to  cause  the  line  relay  to  be  slow 
to  fall  away  and  prompt  to  pull  up.  This  gives  the  motor 
magnet  and  its  series  relay  a  shorter  pulsation,  so  that  there  is 
less  power  available  to  move  the  switch  and  a  greater  likelihood 
of  the  series  relay  not  remaining  energized  throughout  the 
group  of  pulsations.  The  practical  limit  of  leakance  is  about 
50,000  ohms  for  the  subscriber's  line,  measured  between  wires 
or  from  either  wire  to  earth.  Since  the  switches  are  adjusted  to 
operate  perfectly  with  a  leak  of  20,000  ohms  across  the  line,  the 
factor  of  safety  is  ample. 

Distributed  capacitance  such  as  found  in  telephone  cable 
exerts  no  bad  effect  upon  dialing.    A  capacitance  between  the 
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two  conductors  has  a  tendency  to  delay  the  relay  in  falling 
back,  and  thus  to  shorten  the  pulsation  delivered  to  the  motor 
magnet.  This  partly  neutralizes  the  effect  of  line  resistance. 
In  fact,  the  capacitance  may  be  increased  to  seven  microfarads 
without  causing  the  automatic  switch  to  fail. 

Lumped  capacitance,  as  found  in  telephone  instruments  on 
a  party  line,  affects  the  dialing.  It  is  more  correct  to  say  that 
it  is  the  inductance  of  the  bell  in  connection  with  the  capaci- 
tance of  the  condenser  that  influences  the  signals.  For  this 
reason  the  capacitance  of  condensers  used  with  harmonic  bells 
(5  bells  on  one  party  line)  is  made  0.7  microfarad.  With  this 
value  at  least  two  more  bells  could  be  used  without  causing  any 
failure  of  dialing. 

In  general,  line  faults  have  the  same  effect  upon  an  automatic 
switchboard  that  they  have  upon  a  manual  switchboard.  The 
chief  effects  are  compared  in  the  table  following. 

Manual  Automatic 

Open.        No  calls,  no  indication  No  calls,  no  indication 

+  L  grd.  Line   noisy,   conversation  Line  noisy,  conversation  poor 

poor  Dialing  bad,  sometimes  impossible 

—  L  grd.  Permanent  signal  Permanent  signal 
sht.  ckt.     Permanent  signal  Permanent  signal 

Crosses  between  lines, 

+  L  and  +  L  Cross  talk  Cross   talk,   a  second   trunk  oc- 

cupied but  no  trouble 

—  L  and  —  L  Cross  talk,  two  line    Cross  talk,  a  second  trunk  is  oc- 

signals  show  wlien  cupied  when  one  calls 
one  calls 

+  L  and  —  L  Permanent  signal  on  Permanent  signal  on  one  line 

one  line 

A  rotary  line  switch  has  been  produced  which  beside  giving 
access  to  25  trunks  possesses  other  advantages.  It  was  the 
equipment  furnished  by  the  Automatic  Electric  Company  for 
the  Automatic  Telephone  Exchange  at  Orleans,  France.  Its 
chief  use  in  America  is  in  the  Community  Automatic  Exchange. 
It  will  be  described  in  this  paper  under  that  subject. 

Periodic  ringing  is  the  accepted  practise,  on  both  individual 
and  party  lines.  If  the  subscriber  removes  the  receiver  from 
the  hook,  the  ringing  current  is  cut  off  at  once,  even  if  it  occurs 
during  a  time  of  ringing.  The  cut-off  is  quick  enough  to  be 
complete  before  the  receiver  reaches  the  ear. 

Party  lines  are  segregated  and  served  by  party  line  boards, 
one  hundred  lines  per  board. 


1580  SMITH:  AUTOMATIC  TELEPHONE  SWITCHING  [Dec.  12 

The  preferred  practise  is  to  provide  a  party  line  board  with 
four  or  five  groups  of  connectors,  each  group  being  supplied 
with  a  different  frequency  of  ringing  current.  Each  subscriber 
line  is  multipled  to  all  these  groups  of  connectors.  The  hun- 
dreds digit  of  the  call  number  selects  the  group  of  connectors 
and  therefore  fixes  the  frequency  which  shall  be  used.  The 
last  two  digits  control  the  vertical  and  rotary  motions  of  the 
chosen  connector  as  usual.  Any  group  of  connectors  can 
equally  well  connect  to  the  desired  line,  but  the  bell  which  rings 
depends  upon  which  group  of  connectors  is  used. 

An  alternative  method  is  to  have  but  one  group  of  connectors 
per  hundred  lines  and  to  equip  each  connector  with  a  frequency 
selecting  device  which  is  operated  by  the  last  digit  of  the  call 
number.  It  makes  each  call  number  one  digit  longer,  but  is 
somewhat  cheaper  as  to  initial  cost. 

Telephone  service  for  intermittent  users  (other  than  regular 
subscribers)  is  usually  furnished  by  stations  equipped  with 
some  form  of  coin  collecting  box.  For  local  service,  the  rate  is 
displayed  near  or  on  the  telephone  instrument  together  with 
directions  for  its  use.  For  toll  or  long  distance  service,  the 
user  must  call  for  the  toll  board  to  receive  supervision  and 
information. 

The  automatic  telephone  has  been  successfully  equipped 
with  "nickel-first"  and  "nickel-last"  coin-boxes.  With  the 
former,  the  deposited  coin  is  held  until  the  called  station  an- 
swers, then  a  reversal  of  current  operates  a  polarized  relay  in 
the  coin-box  which  collects  the  money.  With  the  latter,  the 
user  dials  the  number  as  usual,  the  answering  of  the  called 
station  reverses  the  battery  current  which  operates  the  polarized 
relay  in  the  coin  box,  the  latter  short-circuits  the  transmitter 
and  shunts  the  receiver  enough  to  prevent  its  use  as  a  trans- 
mitter, but  still  permits  hearing  that  the  called  station  has 
answered.  Depositing  the  coin  clears  the  transmitter  and 
receiver. 

A  credit  meter  is  also  in  use,  which  records  the  number  of 
completed  connections.  It  may  be  attached  to  the  instru- 
ment and  worked  with  a  push-button  (instead  of  a  coin)  or 
may  be  located  apart  from  the  telephone  on  the  subscriber's 
premises  and  require  no  act  of  the  subscriber.  An  older  type 
of  meter  is  designed  to  be  located  in  the  central  office. 

If  the  pay  station  be  used  to  call  a  free  local  niunber,  no 
current  reversal  will  take  place.    All  free  lines  are  connected  to 
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a  group  of  connectors  which  do  not  reverse  the  current  when 
the  called  station  answers. 

When  the  user  of  a  pay  station  desires  an  out-of-town  con- 
nection, he  dials  the  toll  recording  desk  as  any  local  subscriber 
would  do.  When  the  connection  is  ready,  the  line  operator 
calls  the  pay  station  automatically,  requests  the  payment,  and 
is  by  sound  notified  of  the  deposit  of  the  coins  as  is  the  case  in 
manual  practise. 

Durability.  The  durability  of  automatic  equipment  is 
attested  by  the  performance  of  the  older  plants.  A  group  of 
ten  exchanges  scattered  over  the  Union,  were  installed  from 
May  1903  to  December  1904.  These  exchanges  are  still  (1919) 
in  operation.  Their  original  joint  capacity  of  19,476  lines  has 
grown  to  more  than  104,000  lines.  The  original  equipment  is 
still  in  use.  During  about  fifteen  years  of  service,  the  regular 
maintenance  has  been  able  to  keep  the  apparatus  in  good 
shape.  Today  the  cost  of  maintenance  material  for  the  switch- 
board per  line  per  year  is  from  7  to  9.5  cents,  and  for  the  calling 
device  2  cents  per  year. 

Maintennnce.  The  proper  maintenance  of  any  machine 
requires  that  it  shall  be  prevented  from  deteriorating.  It  is 
cheaper  from  every  reasonable  standpoint  to  keep  it  in  good 
working  order  than  to  neglect  it  until  its  condition  is  so  bad 
that  it  has  adversely  affected  service.  Each  function  should 
be  tested  at  such  intervals  as  have  been  found  necessary  to  give 
good  service. 

In  a  public  exchange  the  routines  involve  inspections  occur- 
ing  daily,  weekly,  monthly,  quarterly,  twice  a  year  and  yearly. 
The  daily,  weekly  and  monthly  routines  are  merely  precaution- 
ary inspections,  they  are  not  adjustments. 

The  daily  routine  includes  a  rapid  inspection  of  the  functions 
of  selectors.  Once  a  week  there  is  a  rapid  inspection  of  the 
line  switchboards  and  of  the  functions  of  connector  switches. 
Once  a  month  the  alignment  of  line  switch  plungers  is  examined, 
and  the  dust  cleaned  off  the  switch  covers,  tops  of  bays,  etc. 

Every  three  months  the  selector  trunks  are  tested  (con- 
tinuity of  bank  and  terminal  wiring,  particularly  of  infre- 
quently used  or  overflow  trunks  and  switches),  wiper  cords 
are  examined  and  replaced  if  necessary,  master  banks  and 
wipers  are  cleaned  and  inspected,  and  alarm  relays  are  inspected 
and  adjusted. 

Twice  a  year  the  contact  springs  of  relays  and  other  devices 
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are  inspected  for  proper  movement  and  tension  and  brought  to 
standard.  The  switches  are  tested  for  operation  imder  extreme 
line  conditions.  Switch  shafts  and  master  switches  are  cleaned 
and  oiled.  Banks  are  cleaned  and  wipers  adjusted  and  replaced 
if  worn.  A  rapid  inspection  is  given  to  the  rotary  motion  of 
selectors.  All  equipment  is  tested  for  freedom  from  grounds 
on  frames  and  supports. 

Once  a  year  everything  is  checked  up  for  conformity  to 
standard  and  brought  to  standard.  This  includes  the  ratchet 
mechanism  (vertical,  rotary,  and  release)  of  each  selector  and 
connector,  the  repeaters,  the  line  switch  plunger  alignment  and 
its  bank  contacts  and  the  cut-off  relays. 

The  maintenance  of  an  automatic  exchange  requires  the 
attendance  of  persons  who  know  what  to  do  and  when  to  do  it. 
The  average  mentality  required  is  not  higher  than  for  a  manual 
plant  of  the  same  size. 

A  single  office  exchange  having  2300  lines  and  5500  sub- 
scribers telephones  requires  approximately  the  following  force 
for  maintaining  the  central  office  equipment. 

One  switchman. 

One  service  clerk. 

One  line  tester. 

One  information  and  complaint  clerk. 

One  night  man  (answers  toll  board  in  addition.) 

A  two-office  plant  having  5400  lines  and  10,000  telephones 
requires  the  following  central  office  force. 

One  service  chief. 

One  switchman. 

Two  apprentices. 

Two  service  clerks. 

One  tester. 

Two  information  clerks. 

Two  assistant  clerks  (also  take  care  of  complaints.) 

The  telephones  can  be  increased  to  13,900  without  adding  to 
the  central  office  force.  A  service  chief  has  charge  of  the 
switch  room  and  does  work  on  equipment.  A  switchman 
makes  adjustments  and  repairs.  An  apprentice  performs 
routine  tests,  supervises  signals,  and  answers  telephone  calls 
to  the  switch  room ;  an  apprentice  may  be  in  training  to  be- 
come a  switchman.  A  service  clerk  is  a  girl  who  performs 
the  same  duties  as  an  apprentice.  A  tester  makes  tests  on 
local  and  long  distance  lines;  and  in  a  small  plant  may  act  as 
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despatcher,  routing  the  outside  troublemen.  The  duties  of 
information  clerk  are  the  same  as  in  a  manual  plant.  The 
employment  of  girls  to  perform  routine  tests  has  become  a 
factor  in  exchange  maintenance.  They  learn  easily,  are  quick 
and  careful  in  their  work,  and  are  proving  very  satisfactory. 

Rural  Telephone  Lines 

Telephone  service  on  rural  lines  differs  from  that  in  cities 
and  towns  in  that  dwellings  are  much  farther  apart,  there  is 
usually  no  common  center  (except  the  nearest  town)  and 
greater  dependence  is  placed  on  the  telephone. 

The  requirements  of  the  subscriber  are  low  rental,  dependa- 
bility of  service,  and  the  ability  to  make  many  calls  to  those  in 
his  own  neighborhood.  On  the  other  hand,  the  rural  sub- 
scriber is  usually  willing  to  do  more  than  his  city  brother.  He 
will  gladly  push  buttons,  turn  cranks,  and  do  anything  else  if 
necessary  to  get  good  service. 

The  operating  company  must  have  cheap  but  substantial 
lines,  with  as  low  an  upkeep  as  possible,  and  a  simple  telephone 
requiring  little  maintenance. 

Manual  rural  lines  are  usually  operated  with  local  battery 
transmission.  Automatic  rural  party  lines  are  also  in  use  with 
local  battery  and  with  success.  But  a  special  weak  current 
common  battery  transmitter  has  been  developed  which  gives 
as  good  transmission  on  a  400  ohm  loop  as  an  ordinary  trans- 
mitter does  on  zero  loop.  This  has  to  a  large  extent  made  it 
possible  to  operate  rural  lines  with  common  battery,  with 
evident  economies. 

Equipment  Characteristics 

The  characteristics  of  the  equipment  which  handles  rural 
lines  depend  upon  the  telephone  instruments,  the  method  of 
operation  which  is  desired,  and  the  line  conditions  which  are 
necessary  in  this  class  of  business.  Insulation  can  not  be 
maintained  at  as  high  a  figure  as  is  possible  in  the  city.  Line 
resistance  must  greatly  exceed  the  usual  values.  Many  more 
telephones  must  be  put  on  a  single  line  than  is  necessary  in 
town.    These  facts  require  changes  in  the  apparatus. 

Because  of  the  number  of  bells  and  condensers  (sometimes 
ten)  bridged  across  the  line  and  the  lower  insulation  which  is 
at  times  unavoidable,  the  control  circuit  and  apparatus  must 
have  a  greater  factor  of  safety  than  is  usual.    To  secure  this  a 
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repeater  is  interposed  between  the  rural  line  and  the  regular 
exchange  apparatus. 

This  repeater  has  two  line  relays,  Fig.  6,  one  in  each  battery 
lead.  The  impulsing  is  done  with  the  relay  which  is  connected 
to  the  positive  grounded  battery  terminal.  Also,  during  the 
time  that  impulses  are  coming  in,  the  impedance  of  the  nega- 
tive line  relay  is  greatly  lowered.  These  two  provisions  greatly 
increase  the'  reliability  of  the  selection. 

It  frequently  occurs  that  rural  lines  produce  so  much  traffic 
that  it  overloads  the  group  of  first  selectors  belonging  to  the 
line-switch  board  (hundred  line  group).  This  is  relieved  either 
by  subdividing  the  lin^  switches  into  smaller  groups,  or  by 
providing  each  rural  line  with  its  own  first  selector  instead  of  a 
line  switch;  in  this  case  the  selector  performs  the  functions  of 
repeater  as  well  as  of  selector.  The  relative  cost  of  the  two 
plans  varies  with  conditions. 

One  condition  incident  to  placing  so  many  telephones  upon 
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Fig.  6 — Rural  Line  Controlling  Circuit 

one  line  is  the  chance  of  interference  of  one  subscriber  with  the 
dialing  of  another.  This  is  obviated  by  providing  each  tele- 
phone with  a  hook  stop.  It  permits  the  hook  to  rise  part  way, 
only  far  enough  to  connect  the  receiver  across  the  line  (in  series 
with  a  2  microfarad  condenser.)  This  allows  the  subscriber  to 
listen  without  interfering  with  dialing  which  may  be  going  on. 
If  the  line  is  free,  the  subscriber  presses  the  hook  stop;  the 
lever  then  rises  to  the  full  extent  of  its  stroke,  connecting  up 
the  calling  device  and  completing  the  talking  circuit.  Beside 
preventing  interference  with  dialing,  this  device  permits  the 
rural  subscriber  to  listen  as  much  as  he  desires — a  habit  which 
is  firmly  established  and  warmly  defended. 

The  signalling  can  be  either  selective  or  code  ringing.  The 
latter  is  very  largely  employed  by  manual  exchanges,  is  under- 
stood by  the  subscribers,  and  seems  to  be  satisfactory.  Selec- 
tive signalling  is  better  in  some  respects,  but  the  choice  prop- 
erly lies  with  those  who  are  closely  in  touch  with  local  condi- 
tions. 
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To  ring  ten  bells  selectively,  five  bells  are  bridged  from  each 
line  wire  to  earth  and  rung  with  five  frequencies.  Two  systems 
of  frequencies  are  in  use.  The  "multiple  harmonic  system" 
employes  16.7,  25,  33.3,  50  and  66.7  cycles  per  second.  The 
"non-multiple  harmonic  system"  uses  the  frequencies  20,  30, 
42,  54,  and  66  cycles  per  second.  This  duplication  resulted 
from  the  historical  development  of  two  systems,  and  there  are 
many  installations  of  both  in  use  today .^  It  is  to  be  hoped  that 
one  of  the  two  may  be  retained  as  the  better,  and  the  manu- 
facture of  the  other  discontinued. 

Code  ringing  permits  all  the  bells  to  be  alike  and  to  be 
bridged  across  the  line.  In  order  not  to  interfere  with  dialing, 
the  bells  are  wound  to  3600  ohms  {approx.  5000  ohms  imped- 
ance at  10  cycles  per  second)  and  the  condensers  limited  to 
0.3  microfarad  capacitance.  Signals  may  be  made  of  combina- 
tions of  long  and  short  rings  or  of  two  groups  of  short  rings 
separated  by  a  pause. 

Rural  lines  are  served  by  a  line-switch  board  set  aside  for 
this  purpose.  The  special  apparatus  required  is  localized  to 
this  part  of  the  equipment.  If  the  signalling  is  selective,  each 
connector  has  mounted  on  it  a  minor  switch  which  picks  out  the 
frequency  to  be  used.  If  code  ringing  is  used,  each  connector 
has  a  code  selector  and  a  code  switch.  The  latter  groups  the 
code  signals,  the  former  picks  out  the  desired  signal.  The 
code  switch  is  a  single  motion  (rotary)  switch  with  a  25-point 
bank.  The  code  selector  is  the  same  in  form  and  size  as  a 
first  or  second  selector.  They  involve  mechanisms  which  have 
been  established  by  experience. 

In  general,  reverting  calls  are  handled  by  providing  special 
switches  leading  to  reverting  call  connectors.  Each  of  these 
connectors  is  equipped  much  as  a  regular  rural  connector  is 
equipped,  but  is  wired  so  as  to  ring  back  on  the  originatmg 
line.  If  selective  ringing  is  used,  the  reverting  call  conneit^r 
will  send  out  alternately  the  frequency  of  the  originating  sta- 
tion and  of  the  called  station.  The  total  period  of  repetition  is 
4  or  5  seconds.  To  make  a  reverting  call,  the  subscriber  con- 
sults a  list  of  the  subscribers  on  his  own  line  and  dials  the  num- 
ber given  for  the  desired  station.  He  then  hangs  up  his 
receiver.  The  alternate  ringing  begins  and  continues  until 
the  called  subscriber  removes  his  receiver  from  the  hook  and 
presses  the  hook-stop.  The  originating  subscriber,  noticing 
the  cessation  of  his  own  signal,  takes  his  own  receiver,  touches 
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the  hook-stop  and  proceeds  to  converse.  Release  is  accom- 
plished when  both  subscribers  hang  up  their  receivers.  If  the 
called  station  fails  to  respond,  the  originating  subscriber  stops 
the  ringing  by  removing  his  receiver  pressing  the  hook-stop, 
and  hanging  up  the  receiver  again. 

The  line  requirements  for  rural  lines  are  as  follows:  maxi- 
mum safe  loop  resistance  1000  ohms,  minimum  safe  insulation 
resistance,  wire  to  wire  or  either  wire  to  earth  25,000  ohms. 
Any  commercial  telephone  cable  has  low  enough  capacitance 
not  to  affect  dialing. 

Automatic  switching  offers  to  the  rural  subscriber  a  telephone 

service  which  is  vastly  superior  to  manual  service  and  only 

slightly  inferior  to  city  automatic  service.    He  has  the  same 

instantaneous,  positive,  direct  calling  at  night  as  at  noon,  and  on 

holidays  as  on  work  days.    It  is  inferior  to  city  automatic 

service  only  in  the  loading  of  the  party  line  with  so  many 

telephones.     In  fact  the  moving  force  which  hastened  the 

application  of  automatic  switching  to  rural  lines  was  the 

pressure  exerted  by  the  farmers  themselves  to  be  given  calling 

devices. 

The  Community  Exchange 

The  community  exchange,  as  the  term  is  now  used,  is  a  small 
unattended  plant,  whose  toll  switching  and  miscellaneous  calls 
are  handled  from  a  distance  and  whose  apparatus  is  often 
designed  with  the  requirements  of  rural  lines  primarily  in  view. 
The  community  which  it  serves  may  be  the  farmers  of  a  region, 
a  small  village  or  town,  or  the  small  suburb  of  a  town.  The 
traffic  is  chiefly  local  though  by  no  means  confined  to  the  local 
telephones. 

Miscellaneous  services,  such  as  information,  complaint,  dead 
numbers,  etc.,  are  usually  cared  for  by  the  nearest  public 
exchange  where  such  service  is  maintained.  Most  of  these 
comtnunity  automatic  exchanges  are  auxiliary  to  the  ordinary 
type  of  public  exchange.  When  the  C.A.X.  subscriber  dials 
the  information  number,  the  call  is  trunked  to  the  information 
clerk  in  that  exchange,  where  records  are  kept  for  all  the  terri- 
tory served. 

Toll  switching  is  handled  in  the  same  way  as  the  above 
mentioned  miscellaneous  services.  In  fact  it  may  pay  to 
combine  on  one  call  number  all  these  things,  because  one  person 
can  care  for  them  all.  The  toll- line  operator  is  provided  with 
a  calling  device  and  trunk  connections  to  the  community 
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automatic  exchange,  so  that  she  can  complete  and  control  any 
connection. 

The  subscribers  requh-ements  are  the  same  as  for  any  single 
office  exchange  with  rural  lines.  From  the  standpoint  of  tJie 
operating  company,  the  apparatus  must  require  little  attention 
and  the  investment  must  not  be  too  large. 

The  characteristics  of  the  equipment  are  influenced  by  the 
conditions  of  the  particular  installation.  Too  great  rigidity  of 
standardization  would  result  in  inefficiency.  This  will  be- 
come apparent  as  we  study  the  matter  farther. 

The  rotary  line  switch  Fig.  7,  is  the  regular  equipment  for 
community  automatic  exchanges.  It  possesses  simplicity  of 
structure,  individual  control,  minimum  of  motion,  and  greater 
trunk  group  than  the  plunger  type. 

The  rotary  line  switch  Fig.  8,  is  a  single-motion  switch,  with 
a  25-trunk  bank  set  verticaJly.  .  The  motor  magnet  armature 
has  a  pawl  which  normally  locks  the  wipers  on  any  trunk.  The 
wipers  rest  where  last  used.  When  the  magnet  energizes,  it 
withdraws  the  pawl  so  that  it  catches  the  next  tooth  on  the 
ratchet  wheel.  When  the  magnet  de-energizes,  the  armature 
spring  drives  the  pawl  and  rotates  the  wipers  to  the  next  trunk 
contacts,  and  locks  them  there.  The  magnet  is  self  vibrating, 
like  a  door  bell. 

Associated  with  the  switch  proper  is  a  line  relay  and  a  cut 
off  relay.  They  are  mechanically  interlocked  so  that  if  the 
line  relay  is  de-energized,  the  cut  off  relay  can  pull  up  only 
part  way — just  enough  to  break  contacts  and  clear  the  line  of 
attachments.  If  the  line  relay  is  energized,  the  cut  off  relay 
can  pull  up  all  the  way,  connecting  the  subscriber's  line  to  the 
wipers. 

When  a  call  comes  through  a  connector  to  the  subscriber, 
the  connector  energizes  the  cut  off  relay  alone.  This  clears  the 
line  of  line  relay  and  ground,  but  does  not  connect  the  line  to 
the  wipers.  Thus  there  is  a  clear  pair  of  wires  from  the  con- 
nector to  the  subscriber's  telephone. 

When  the  subscriber  originates  a  call,  by  lifting  the  receiver 
from  the  hook,  the  line  relay  pulls  up  and  causes  the  trunk  to 
be  tested.  If  the  trunk  is  busy,  the  magnet  rotates  the  wipers 
at  a  speed  of  60  to  80  trunks  per  second  imtil  an  idle  trunk  is 
found.  The  magnet  then  stops,  the  cut  off  relay  pulls  up, 
clears  the  line,  and  extends  the  line  to  the  first  selector.  During 
conversation,  the  cut  off  relay  alone  is  energized.    On  release 


1588  SMITH:  AVTOMATIC  tElEPHOHE  SWITCHING  (Dec.  12 

the  cut  off  relay  merely  falls  back — the  wipers  remain  where 
they  are.  If  the  trunk  upon  which  the  wipers  were  resting  at 
first  is  idle,  the  cut  off  relay  pulls  up  completely  and  without 
delay.  The  time  required  to  seize  the  trunk  is  only  that 
required  for  two  relays  to  energize.  The  maximum  time 
required,  if  the  wipers  must  pass  over  24  trunks,  is  about  half  a 
second. 

Most  calls  take  an  idle  trunk  without  moving  the  line 
switch  wipers  at  all.  Tests  made  on  a  busy  private  automatic 
exchange  showed  that  about  16  per  cent  to  20  per  cent  of  the 
calls  moved  the  wipers  one  or  more  steps — the  rest  of  the  calls 
required  no  motion. 

Because  it  possesses  no  common  mechanism,  the  rotary  line 
switch  lends  itself  admirably  to  rural  exchanges.  There  is  so 
little  to  get  out  of  order,  and  the  factor  of  safety  is  so  large, 
that  it  can  be  relied  upon  to  require  very  little  attention.  And 
if  any  one  part  should  fail,  it  affects  only  one  subscriber  line 
instead  of  a  group  of  lines. 

The  most  important  variable  factors  are  herewith  presented 
and  will  be  discussed  in  detail. 

1.  Transmission Local  battery  or  common  battery 

2.  Line  relay Double  wound  or  ground  relay 

3.  Line  equipment Lineswitch  or  selector 

4.  Signalling Selective  or  code 

5.  Signal  control Push-button  or  periodic 

6.  Reverting  calls Push-button,  periodic  or  hand  generator 

7.  Battery  charging  means. .  .Motor   generator   or   gasoline   engine 

8.  Battery  charging  method . .  Float  or  hand  start  with  automatic  stop 

The  tendency  is  to  use  common  battery  transmission  as  far 
as  possible.  The  replacement  of  dry  cells  is  a  great  and  in- 
creasing expense.  It  is  to  be  inciured  only  if  the  salvage  of 
present  equipment  causes  it  to  seem  more  profitable  to  retain 
the  local  battery,  or  if  the  lines  are  so  long  that  it  is  necessary 
for  good  transmission.  As  far  as  automatic  operation  is 
concerned,  it  makes  no  difference  which  is  used.  Most  lines 
are  long  enough  to  require  a  special  weak  current  conmion 
battery  transmitter.  In  all  cases  the  polarized  receiver  is 
necessary,  because  the  subscriber  must  be  able  to  listen  through 
a  condenser  to  see  if  the  line  is  in  use. 

The  line  relay  (LR-Fig.  6)  which  handles  the  impulses  should 
be  connected  to  the  positive  or  grounded  battery  terminal. 
Here  it  has  a  greater  factor  of  safety  than  if  it  has  two  windings, 
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one  being  to  each  battery  terminal.  If  the  line  conditions  are 
as  good  as  in  town,  the  usual  double-wound  line  relay  is  fully 
adequate. 

The  usual  practise  is  to  carry  all  lines  in  a  community  auto- 
matic exchange  to  line  switches.  All  selectors  and  connectors 
are  usually  equipped  with  the  ground  line  relay  circuit,  so  as  to 
render  repeaters  unnecessary. 

In  regions  where  rural  subscribers  have  been  using  local 
battery  magneto  telephones  for  years  and  are  accustomed  to. 
code  signals,  the  code  signal  can  still  be  used  with  automatic. 
The  non-secret  nature  of  the  call  is  by  some  regarded  as  a 
positive  advantage.  It  is  difficult  for  the  city-dweller  to 
realize  how  the  farmer  uses  his  telephone.  An  instance  will 
illustrate  one  point.  One  evening  Jones  repeatedly  heard  his 
bell  give  the  signal  for  the  Browns,  who  lived  a  quarter  of  a 
mile  down  the  road.  Knowing  that  the  whole  Brown  family 
had  gone  to  town  for  the  evening,  he  stepped  to  the  telephone, 
and  gave  the  calling  subscriber  the  information.  More  con- 
gested rural  regions  seem  to  require  greater  secrecy,  and  the 
selective  signal  is  favored  and  sometimes  even  requested. 

The  signal  may  be  controlled  by  the  subscriber  or  by  the 
central  office  apparatus.  The  former  is  called  "push-button 
control"  or  "push-button  ringing."  If  it  be  code  signalling, 
the  subscriber  presses  a  button  on  his  telephone  so  as  to  form 
the  signals.  They  may  be  thus  made  more  accurately  and 
easily  than  by  the  hand  generator,  with  its  revolving  armature 
which  must  be  started  and  stopped  several  times  in  each  signal. 

To  secure  push-button  ringing,  the  button  is  arranged  to 
ground  the  negative  line  and  open  the  positive  line.  The 
negative  line  relay  remains  energized  and  prevents  the  con- 
nection from  releasing.  The  positive  line  relay  controls  the 
ringing  apparatus. 

Code  ringing  was  described  under  the  heading  "Rural 
Telephone  Lines." 

Reverting  calls  are  handled  in  accordance  with  the  method 
of  signalling  used.  If  local  battery  magneto  telephones  are 
employed,  the  subscribers  ring  each  other  on  the  same  line  just 
as  they  did  with  the  manual  switchboard.  If  selective  sig- 
nalling is  employed,  the  subscriber  dials  a  special  niunber  and 
receives  alternate  signals  as  was  described  above,  (Rural 
Telephone  Lines.)  If  code  signalling  is  used  it  may  be  either 
periodic  or  push-button  controlled.  The  latter  r^uires 
reverting  selectors,  available  to  the  p^rty  lines. 
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When  a  rural  subscriber  desires  to  call  a  person  on  his  own 
line,  he  dials  a  special  number.  He  then  presses  his  push- 
button to  form  the  code  signal.  This  action  controls  a  relay 
in  the  reverting  selector,  which  sends  ringing  current  back  onto 
the  originating  line. 

If  the  code  ringing  is  periodic,  reverting  calls  are  handled  by 
reverting  connectors  which  are  equipped  very  much  like  the 
regular  connectors.  The  subscriber  consults  a  list  of  sub- 
scribers on  his  own  line  (posted  on  the  telephone.)  He  then 
dials  the  special  nimiber  given  for  the  desired  station  and  hangs 
up  his  receiver.  The  desired  code  signal  is  sent  back  on  the 
line,  repeated  periodically.  When  the  called  stations  answer, 
the  ringing  is  cut  off — the  originating  subscriber  then  comes  in 
on  the  line.  Both  subscribers  hanging  up  release  the  reverting 
apparatus. 

The  charging  of  the  battery  is  done  preferably  by  a  motor 
generator  run  by  commercial  power.  The  battery  bus  bars 
are  equipped  with  a  voltage  relay,  which  starts  the  motor 
generator  whenever  the  pressure  falls  to  46  volts  and  stops  it 
when  it  reaches  52  volts.  A  self-closing  reverse-current  circuit 
breaker  stands  between  the  generator  and  the  battery.  When 
the  generator  voltage  is  high  enough  to  be  safe,  the  circuit 
breaker  closes  and  the  charging  begins.  When  the  motor  has 
been  cut  off  by  the  high  voltage,  the  generator  voltage  dies 
away  imtil  a  sUght  reverse  current  operates  the  circuit  breaker 
and  cuts  off  the  circuit. 

If  nocommercial  power  is  available,  a  gasolene  unit  isinstalled. 
This  is  started  by  hand  as  often  as  necessary.  The  regular 
maintainer  need  not  do  it,  some  one  who  lives  near  the  exchange 
and  is  familiar  with  gasolene  engines  is  employed  to  set  it  to 
going.  The  stopping  is  automatic.  An  ampere-hour  meter 
is  included  in  the  battery  circuit.  It  is  compensated  so  as  to 
run  slowly  when  charging,  but  full  speed  when  discharging. 
When  the  meter  indicates  the  necessary  ampere-hours  have 
been  put  into  the  battery,  it  opens  the  ignition  circuit  of  the 
engine,  so  that  the  latter  stops.  The  circuit  breaker  discon- 
nects the  generator  from  the  battery.  During  the  time  of 
charge,  the  circuit  breaker  inserts  counter  e.m.f.  cells  in  the 
discharge  lead  to  the  power  board — they  prevent  imdue  rise  of 
voltage  on  the  bus  bars  which  would  prematurely  stop  the 
chargmg. 

The  equipment  is  made  up  in  three  general  units,  the  switch- 
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board,  the  storage  battery  and  the  charging  machine.  The 
switchboard  is  made  in  two  or  three  parts,  which  are  installed 
side  by  side  so  as  to  form  one  unit.  These  parts  are  the  local 
switchboard,  the  powerboard  and  the  main  distributing  frame, 
and  the  trunking  board.  The  latter  is  omitted  if  the  exchange 
is  isolated  (no  trunks  to  other  exchanges.)  All  but  the  trunk- 
ing board  have  been  fairly  well  standardized.  Because  of  the 
many  variable  conditions  to  be  met  in  different  places,  the 
trunk  board,  containing  selectors  and  repeaters,  is  made  up  in 
accordance  with  the  needs. 

A  community  automatic  exchange  needs  no  special  building 
to  house  it.  It  has  been  installed  in  a  store,  in  the  bedroom  of 
a  residence — any  convenient  place  which  is  available.  There 
are  signals  to  indicate  when  a  fuse  blows  etc.  The  conditions 
of  community  life  and  the  location  of  the  apparatus  are  such 
that  someone  is  always  not  far  away. 

This  type  of  exchange  has  not  been  in  service  long  enough  to 
secure  data  of  general  worth  as  to  the  amount  of  maintenance 
labor  required.  In  one  case  a  group  of  three  of  these  exchanges 
located  on  a  straight  line  26  J/^  miles  long,  together  with  the 
telephones  belonging  to  them  are  maintained  by  one  man. 
The  man  is  of  the  same  general  type  as  those  who  maintain 
ordinary  automatic  equipment. 

The  line  requirements  are  the  same  as  those  given  under 
"Rural  Telephone  Lines." 


Toll  Switching 

Toll  service  between  line  and  subscriber  may  be  handled  in 
any  one  of  a  number  of  ways.  The  methods  described  here 
are  considered  the  best,  as  the  result  of  much  experience. 
Person  to  person  calls  alone  are  considered. 

The  recording  toll  clerk  receives  calls  from  the  subscriber 
over  trunks  which  come  from  selector  banks  and  terminate  on 
desks.  The  tickets  are  made  out  and  passed  to  the  toll  line 
operator  in  the  usual  way. 

The  toll  line  board  is  provided  with  trunks  which  pass  to  toll 
selectors.  Over  these  trunks  the  toll  operator  dials  the  full 
directory  number  by  using  a  calling  device  which  is  keyed  into 
the  circuit.  The  selectors  lead  to  toll  connectors,  the  latter 
located  in  the  hundred-line  boards,  adjacent  to  the  local  con- 
nectors. 

These  toll  connectors  may  be  used  for  local  service  as  well. 
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If  all  the  local  connectors  are  busy,  the  local  traffic  will  take  one 
or  more  of  the  toll  connectors.  In  this  case  the  connector  acts 
like  a  local  connector,  having  the  same  current  supply  relays 
and  condensers.  When  seized  by  a  toll  selector,  the  local 
apparatus  in  the  toll  connector  is  cut  out,  leaving  a  clear  cir- 
cuit from  the  last  selector  through  the  connector  to  the  calling 
line.  The  last  selector  supplies  current  through  a  repeating 
coil. 

The  ringing  is  intermittent,  but  must  be  started  by  the  toll 
operator.  When  the  subscriber  answers,  the  ringing  stops 
automatically.  If  the  subscriber  hangs  up  his  receiver,  the 
usual  supervision  is  given,  and  the  toll  operator  may  start  the 
ringing  again,  if  desired. 

Intermittent  ringing  is  used  for  toll  calls  because  it  has  been 
found  to  be  the  more  effective  than  manual  ringing.  Where 
local  ringing  is  periodic  and  toll  calls  are  rung  by  hand,  much 
delay  results.  The  subscriber  is  inclined  to  think  that  the 
manual  ring  is  merely  some  local  call  which  is  very  shortly 
released.  Consequently  he  pays  no  attention  to  it.  But  the 
periodic  signal  gets  his  attention  and  greatly  shortens  the  time 
of  response  to  toll  as  well  as  to  local  calls. 

The  toll  connector  tests  the  called  line  as  does  any  connector. 
If  the  line  is  busy,  it  sends  a  busy  tone  to  the  operator  and  also 
extinguishes  the  supervisory  lamp  at  the  toll  board.  When 
the  line  becomes  free,  the  connector  seizes  the  called  line,  stops 
the  busy  tone,  and  lights  the  supervisory  lamp  at  the  toll 
board.  When  the  toll  operator  sees  that  the  line  is  free,  she 
starts  the  ringing  by  pulling  a  key. 

The  release  of  a  toll-to-local  connection  is  controlled  by  the 
toll  operator.  Merely  pulling  the  plug  out  of  the  trunk  jack 
causes  the  switches  to  be  restored  to  normal. 

Toll  Switching  between  Exchanges 

It  is  desired  to  discuss  under  this  heading  the  general  con- 
siderations involved  and  to  give  some  concrete  illustrations 
of  how  exchanges  are  linked  together. 

General  Considerations.  The  linkage  of  exchanges  of  any 
kind  into  a  network  requires,  beside  the  toll  lines,  adequate 
means  for  switching  these  links  to  each  other  and  to  the  lines 
of  the  subscribers  who  are  to  talk  to  each  other.  In  arranging 
this  switching,  thought  must  be  given  to  the  cost  of  effecting 
such  connections,  and  the  effect  pf  tb^  me^s  op  th^  volupi^  of 
traffic  handled. 
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The  usual  manner  of  handling  such  calls  is  to  have  one  or  two 
operators  in  the  originating  exchange  to  connect  the  originating 
telephone  and  the  toll  line  together,  another  operator  at  each 
switching  office  for  toll  lines,  and  one  or  two  operators  at  the 
called  exchange  to  connect  the  toll  line  to  the  called  telephone. 
If  each  exchange  has  several  offices  and  private  branch  ex- 
changes, still  more  operators  may  be  required. 

It  has  been  found  that  the  manual  switching  of  toll  lines, 
among  themselves  and  to  the  subscriber  lines,  entails  con- 
siderable loss  of  time.  This  is  chiefly  due  to  the  time  required 
to  gain  the  attention  of  operators  who  have  other  lines  to 
serve  beside  the  one  in  question.  It  lengthens  the  time  re- 
quired to  set  up  a  connection,  it  interferes  with  supervision, 
and  delays  the  release  of  the  circuits  after  both  subscribers 
have  hung  up  their  receivers.  This  is  so  great  a  drag  on  the 
service  that  it  has  led  to  the  establishment  of  many  direct  toll 
lines  between  important  points,  so  as  to  do  away  with  inter- 
mediate switching.  This  lowers  the  time-efficiency  of  the  long 
direct  line,  because  it  can  not  be  used  for  any  intermediate 
traffic. 

For  at  least  twelve  years  toll  lines  have  been  switched  by 
automatic  means  and  experimenters  have  been  at  work  pro- 
ducing apparatus  which  is  adapted  to  this  service.  The  first 
discovery  made  was  that  automatic  switching  increased  the 
capacity  of  the  toll  line  at  least  fifty  to  one  hundred  per  cent. 
This  remarkable  increase  is  due  to  the  speed  of  connection,  the 
accuracy  and  promptness  of  supervision,  and  the  quick  clearing 
of  the  line  after  both  subscribers  have  hung  up  their  receivers. 

No  matter  how  the  switches  are  controlled,  the  line  must 
permit  manual  operation  at  any  time,  must  operate  automati- 
cally in  both  directions  if  both  ends  are  at  automatic  exchanges, 
when  seized  must  give  positive  indication  to  all  stations  con- 
cerned and  must  give  supervision  of  both  originating  and  called 
subscriber  to  the  one  operator  who  controls  the  connection. 

Uniform  operation  is  highly  desirable.  This  point  has 
received  attention  in  developing  automatic  switching  over  toll 
lines.  It  is  so  arranged  that  if  the  operator  plugs  into  the  jack 
of  an  automatic  toll  line  and  rings,  the  call  will  go  through 
manually  as  formerly.  But  if,  after  plugging  into  the  jack, 
the  operator  throws  the  calling  device  key,  she  can  put  the  call 
through  automatically.  After  dialing  the  number,  the  operator 
rings  with  the  regular  ringing  key.    This  operation  holds  no 
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matter  whether  she  is  switching  toll  lines  only,  or  if  she  auto- 
matically completes  the  connection  to  the  called  subscriber. 

A  few  illustrations  will  show  how  automatic  switching  is 
applied  to  various  toll  traffic  services.  In  order  to  avoid 
confusion,  the  examples  will  be  very  simple. 

Consider  the  case  of  two  adjacent  exchanges  which  have 
free  service  from  one  to  the  other  Fig.  9.  Let  each  exchange 
be  represented  by  four  hundred-line-boards,  having  selectors 
and  local  connectors. 

The  lines  (1  and  2)  which  carry  the  inter-exchange  traffic 
are  equipped  at  each  end  with  a  selector,  and  are  in  addition 
multipled  to  the  banks  of  local  selectors.  A  repeater  is  inserted 
between  the  selector  banks  and  the  lines  for  the  pxirpose  of 
holding  the  local  switches  from  releasing,  feeding  common 
battery  for  talking,  etc. 
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Fig.  9 — Automatic  Exchanges  Connected  by  Free  Automatic  Trunks 


The  banks  of  the  toll  selectors  are  run  to  the  jaclcs  of  toll 
connectors,  one  in  each  hundred-line-board.  These  toll  con- 
nectors have  their  banks  multipled  to  the  banks  of  the  local 
connectors,  so  that  all  subscriber  lines  can  be  reached. 

When  a  subscriber  in  exchange  A  desires  to  call  one  in  B,  he 
dials  a  figure  which  causes  his  first  selector  to  seize  one  of  the 
lines,  making  it  busy  on  the  banks  of  all  other  first  selectors  in 
both  exchanges  A  and  B.  He  then  dials  the  directory  number 
of  the  desired  telephone,  which  first  operated  the  toll  selector 
at  B  and  then  the  toll  connector  in  the  hundred-line-board 
chosen. 

If  pay  service  is  the  rule,  the  lines  can  be  arranged  so  that 
the  toll  operator  at  the  originating  exchange  can  complete  the 
connection  without  the  aid  of  the  toll  operator  at  the  distant 
exchange,  Fig.  10.  The  toll  lines  will  terminate  at  each  end  in 
toll  selectors  and  jacks  and  lamps  on  the  toll  board.  The 
trunks  from  local  selector  banks  will  also  run  to  the  toll  board. 
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When  a  subscriber  in  B  desires  to  call  one  in  A,  he  dials  a 
single  figure  number  which  causes  his  first  selector  to  take  an 
idle  trunk  to  the  toll  board.  The  toll  operator  answers  the 
call  in  the  usual  way.  She  has  a  calling  device  which  may  be 
associated  with  any  pair  of  cords.  When  she  plugs  into  the 
jack  of  the  toll  line,  she  makes  it  busy  at  both  ends,  showing 
the  busy  lamp  at  exchange  A,  so  that  the  toll  operator  there 
will  not  try  to  use  the  line.  The  operator  at  B  then  dials  the 
call  through  to  the  subscriber  in  A. 

The  operator  at  B  controls  the  connection,  giving  it  the 
usual  supervision.  When  the  subscribers  are  through,  she 
pulls  out  the  switchboard  plug,  which  causes  all  switches  to 
release. 

The  identity  of  the  originating  station  may  be  verified  by 
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Ficj.   10 — Automatic  Exchanges  Connected  by  Automatic  Toll  Lines 


having  the  subscriber  hang  up  his  receiver.  When  the  line 
connection  is  ready,  the  operator  calls  the  originating  sub- 
scriber automatically  and  permits  conversation. 

The  apparatus  is  arranged  so  that  the  toll  lines  can  be 
operated  manually  without  change.  If  the  operator  after 
plugging  into  the  toll  line  jack  rings  in  the  ordinary  way,  she 
will  cause  the  customary  lamp  or  drop  to  be  displayed  at  the 
other  toll  board. 

If  between  two  such  exchanges  there  is  a  toll  central  office, 
the  lines  can  be  interconnected  by  automatic  switches  with 
great  saving  in  time.  Consider,  Fig.  11,  four  toll  lines  meet- 
ing at  a  toll  office,  which  is  manually  and  automatically 
operated.  The  former  may  be  necessary  for  handling  traffic 
to  and  from  local  subscribers. 

Each  toll  line  will  terminate  in  three  places,  the  toll  board 
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multiple,  the  automatic  switch  bank  multiple,  and  the  jack  of 
the  automatic  switch  belonging  to  that  line.  .^ 

If  a  distant  exchange  seizes  a  toll  line,  it  is  automatically 
made  busy  on  the  banks  of  the  toll  selectors  and  also  lights  the 
busy  lamps  belonging  to  it  on  the  toll  board.  The  distant 
exchange  then  dials  the  number  of  the  toll  line  desired.  When 
that  line  is  seized,  it  is  made  busy  on  selector  banks  and  toll 
board  (as  was  the  originating  line.) 

If  the  incoming  call  is  for  a  subscriber  in  the  exchange 
attached  to  the  toll  office,  two  ways  are  open  for  handling 
it.  The  distant  exchange  may  ring  on  the  toll  line,  cause  the 
line  signal  to  show  on  the  toll  board  at  the  toll  office  and 
use  the  operator  there  to  complete  the  connection  manually 
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E^G.  11 — Automatic  Toll  Switching  Office 


or  automatically.  The  second  way  is  to  run  trunks  from  the 
banks  of  the  toll  selectors  to  the  automatic  switches  of  the  local 
exchange  and  to  permit  the  distant  toll  operator  to  dial  through 
to  the  subscriber  and  supervise  the  call. 

The  application  of  automatic  switching  to  toll  lines  in  a  small 
net  work  will  illustrate  some  of  the  possibilities.  For  the  sake 
of  simplicity,  each  exchange  is  limited  to  1000  lines. 

Let  us  consider  five  automatic  exchanges  Fig.  12.  Four  of 
them.  A,  B,  C  and  D,  are  located  at  the  comers  of  an  approxi- 
mate square.  Exchange  M  is  near  the  center  of  the  quadri- 
lateral. Assume  further  that  free  service  is  given  between  all 
adjacent  exchanges,  but  that  a  charge  is  made  for  traffic 
between  opposite  comers  (A  and  D,  B  and  C).  The  exchanges 
are  numbered  from  1  to  5  as  indicated. 
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The  exchanges  are  connected  by  Imes.  To  keep  the  illus- 
tration simple,  assume  that  there  is  only  one  line  between 
adjacent  exchanges,  eight  lines  in  all.  Any  link  can  easily  be 
increased  by  adding  lines  and  switches  without  changing 
the  principles  described. 

Each  exchange  has  two  kinds  of  first  selectors,  local  and 
incoming.  The  local  first  selectors  (illustrated  by  only  one,  L) 
handle  all  the  traffic  originated  by  subscribers  in  that 
exchange.  One  bank  level  carries  the  traffic  into  the  local 
switches  to  local  subscribers.  Since  this  is  a  small  system,  to 
keep  the  nxunbering  uniform,  each  exchange  has  a  different 
local  level.  In  A  it  is  the  first  level,  in  B  it  is  the  second  level, 
etc.    The  other  levels  lead  to  adjacent  exchanges,  each  accord- 


■XCMANOB-A(I) 
•TO  LOCAL  I 

^        ^         ^ 


■xcHAf«a>-iicir 

TO  LOCAL  I 


Fig.  12 — Typical  Network  of  Small  Automatic  Exchanqeb 


ing  to  the  number  of  the  exchange.  From  the  second  level,  a 
trunk  goes  through  a  repeater  (R)  to  the  line  leading  to  B, 
where  it  terminates  on  an  incoming  selector  (I-A  from  A, 
I-D  from  D,  etc.) 

From  the  third  level  a  trunk  goes  through  a  repeater  (R)  to 
the.  line  leading  to  C,  where  it  terminates  in  an  incoming 
selector  (I-A  from  A,  I-M  from  M,  etc.) 

The  repeater  inserted  in  the  outgoing  trunk  holds  the  local 
switches  in  the  originating  exchanges. 

The  incoming  selectors  (I-A,  I-B,  etc.)  have  the  right  level 
multipled  to  the  banks  of  the  local  selectors  (L)  so  that  they 
have  access  through  the  local  switches  to  the  local  subscribers. 

These  fr?e  lines  are  in  reality  two-way  trunks.    Eacjj  end 
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of  a  line  is  attached  to  an  incoming  selector  for  incoming 
traffic  and  is  multipled  to  the  banks  of  all  the  local  selectors  (L) 
for  outgoing  traffic. 

Suppose  that  a  subscriber  in  exchange  A  calls  a  subscriber  in 
exchange  C,  whose  local  number  is  3225.  The  subscriber  in 
A  will  first  dial  the  figure  "3"  which  causes  his  first  selector  (L) 
to  lift  its  wipers  to  the  third  level  and  seize  the  line  to  C,  making 
it  busy  at  both  ends  so  that  no  one  else  can  intrude.  Then  he 
dials  the  figure  "3"  of  the  local  number,  which  causes  the 
wipers  of  the  incoming  selector  (I-A)  to  rise  to  the  third  level 
and  to  seize  an  idle  trunk  to  second  selectors.  The  remaining 
three  digits  choose  the  hundreds,  tens  and  units  and  complete 
the  call. 

To  handle  pay  traffic  between  A  and  D  and  between  B  and 
C,  as  well  as  between  the  network  and  the  long  distance  lines 
to  other  parts  of  the  country,  a  toll  board  is  installed  at  M. 
All  incoming  selectors  in  M  have  the  fifth  level  multipled  into 
the  banks  of  the  local  selectors  (L)  because  all  the  other  ex- 
changes are  to  call  M  free  of  charge.  But  the  tenth  or  "0" 
level  is  run  separately  to  the  toll  board.  Any  call  for  long 
distance  by  a  "C"  subscriber  will  go  directly  to  the  toll  board, 
because  the  directory  lists  the  long  distance  operator  so  as  to 
secure  that  result.  "Long  Distance"  may  be  listed  as  "50"  or 
as  "00",  because  the  banks  of  the  local  selectors  (L)  at  each 
exchange  can  be  multipled  that  way. 

Trunks  from  incoming  selectors  at  M  and  the  toll  board  are 
kept  separate,  so  that  the  toll  operator  knows  the  origin  of 
each  call  which  comes  to  her. 

If  a  subscriber  at  A  desires  to  call  some  one  at  D,  he  is 
instructed  by  the  directory  to  call  "50"  which  leads  his  call  to 
the  toll  board.  The  operator  makes  the  charges  and  com- 
pletes the  call.  The  operator  has  lines  leading  into  the  local 
switches  through  which  any  exchange  is  available.  If  desired, 
special  toll  selectors  may  be  set  aside  for  her  use.  If  the 
identity  of  the  calling  station  is  in  question,  the  operator 
directs  the  originating  subscriber  to  hang  up.  Then  she  calls 
the  number  which  he  gave,  this  establishes  identity. 

If  the  subscriber  at  A  tries  to  avoid  payment  by  calling 
through  B  or  C,  he  will  fail.  The  incoming  selector  (I-A)  at 
both  these  places  does  not  have  any  connection  on  its  bank  for 
the  D  exchange.  It  is  impossible  to  get  out  of  that  place.  If 
ies  to  dial  from  A  through  M,  to  D,  he^will  run  against  the 
difficulty. 


1919)    SMITH:   AUTOMATIC   TELEPHONE  SWITCHING    1599 

It  is  possible  to  multiple  the  banks  of  local  selectors  so  that 
if  a  subscriber  tries  to  evade  payment,  his  call  will  be  diverted 
to  the  toll  board.  This  is  done  by  connecting  the  level  which 
will  be  called  to  the  level  carrying  the  trunk  to  M  (see  exchange 

C.) 

Suppose  that  a  subscriber  in  D  has  business  with  a  sub- 
scriber in  B,  whom  he  calls  frequently  free  of  charge  by  dialing 
"22"  plus  the  rest  of  the  number.  If  that  D  subscriber  moves 
to  C  and  attempts  to  call  "22"  as  before,  he  will  find  himself 
answered  by  the  toll  operator  at  M,  who  will  make  the  charge 
and  complete  the  call.  Level  "2"  of  local  selectors  in  C  is 
multipled  to  level  "5"  and  the  trunk  to  M.  The  incoming 
selector  (I-C)  in  M  has  its  second  level  multipled  to  the  tenth 
and  thus  to  the  toll  board. 

Long  Distance  Toll  Lines 

It  seems  to  the  writer  that  there  is  no  insurmountable 
obstacle  to  prevent  the  extension  of  the  automatic  switching 
of  toll  lines  to  include  long  distance  lines  of  any  length.  The 
only  limit  is  that  of  desirability.  Any  distance  over  which 
telegraph  can  be  worked  can  be  covered  by  automatic  dialing 
on  toll  lines.  The  problem  is  more  difficult  than  straight 
telegraphy,  for  the  transmission  of  the  voice  must  be  safe- 
guarded. But  as  the  advantages  become  more  generally 
known,  automatic  switching  will  be  extended  as  far  as  there  is 
any  advantage  to  be  gained.  The  farther  two  points  are  apart, 
the  more  line  there  is  involved  in  each  conversation  and  the 
greater  the  need  of  economizing  time. 

The  Comprehensive  System 

The  automatic  switching  of  telephone  lines  of  all  kinds  is 
available  for  building  up  a  comprehensive  telephone  system  of 
large  usefulness.  It  serves  equally  well  the  farmer,  the  small 
town  dweller  and  the  citizen  of  the  metropolis  and  links  them 
all  together.  Everywhere  that  telephone  lines  are  to  be  joined 
and  disconnected,  and  where  human  intelligence  is  not  abso- 
lutely indispensible,  the  automatic  s^tch  materially  increases 
the  efficiency.  Every  year  people  are  revising  their  views  on 
what  constitutes  a  real  need  for  human  intelligence,  and  this 
revision^is  not  confined  to  any  one  industry. 

Gradually  the  use  of  automatic  switching  is  extending  its 
usefulness  and  raising  the  effectiveness  ?tnd  the  efficiency  of  the 
whole  comprehensive  system. 
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Summary 

Automatic  switches  made  with  reasonable  care,  to  well 
known  and  definite  limits,  give  superior  telephone  service  with 
plenty  of  margin  to  spare.  Automatic  switching  is  not  so  easy 
that  any  kind  of  apparatus  thrown  together  in  any  sort  of  way 
will  give  good  service;  neither  is  it  so  difficult  that  prohibitively 
expensive  machinery  barely  secures  commercial  results. 

The  ways  of  connecting  automatic  switches  together  so  as 
to  form  a  smoothly  operating  system  are  many  and  varied,  and 
permit  adaptation  to  any  class  of  telephone  service.  It  meets 
the  need  for  telephony,  not  as  manual  switching  meets  it,  but 
in  its  own  way,  which  in  many  particulars  is  better.  This  art 
rests  upon  a  reasonable  and  scientific  foundation. 
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Discussion  on  "Applicability  of  Automatic  Switciung 
TO  ALL  Classes  of  Telephone  Service  (Smith),  New 
York,  N.  Y.,  December  12,  1919. 

Selby  Haar:     I  saw  an  announcement  in  a  New  York 

Eaper  recently  that  some  of  the  new  exchanges  which  are  to 
e  opened  by  the  telephone  company  in  this  city  will  have, 
at  least,  in  part,  some  automatic  equipment.  I  wonder  if 
that  will  be  of  the  type  described  in  the  paper  tonight. 

Lyman  F.  Morehouse :  I  think  perhaps  I  can  answer  the 
question  just  asked.  There  are  several  types  of  automatic 
telephone  equipment,  and  Mr.  Smith  in  his  very  interesting 
paper  has  described  one  of  them,  which  has  attained  quite 
a  field  of  usefulness.  The  conditions  which  obtain  in  New 
York  City,  for  example,  are,  however,  such  as  to  require  the 
installation  of  automatic  equipment  different  from  that  des- 
cribed by  Mr.  Smith. 

Paul  S.  Clapp:  I  had  the  good  fortime  to  be  in  Central 
Europe  with  Mr.  Hoover's  Commission  and  assisted  in  the 
establishment  of  communications  for  that  Commission.  At 
Prague  we  came  into  rather  intimate  contact  with  the  Czecho- 
slovak Director  of  Public  Telegraph,  and  he  said  as  soon  as 
they  could  get  money  in  that  country,  they  would  build 
telephone  systems.  Of  course,  the  labor  question  is  a  very 
important  one  throughout  Eiu^ope,  and  they  were  particularly 
interested  in  anything  connected  with  automatic  telephone 
systems.  That  statement  of  the  Director  of  Postal  Tele- 
graph has  two  significances — one,  in  showing  the  alertness  of 
European  engineers  to  grasp  improvements  in  American  means 
of  communication,  and  secondly,  a  realization  of  the  shortness 
of  labor  and  their  desire  to  introduce  machines  to  do  work 
wherever  possible. 

Fred  L.  Baer:  (Read  by  D.  McNicol)  In  these  days 
of  disputes  between  employers  and  employees  when  both  are 
so  prone  to  ignore  the  third  party  to  all  such  disputes,  the 
long  suffering  public,  it  is  perhaps  of  interest  to  mention  that 
in  several  instances  within  the  past  year  automatic  exchanges 
continued  to  serve  the  public  for  periods  of  a  month  or  more 
with  practically  no  one  in  attendance  in  the  central  office. 
While  under  normal  conditions  it  is  necessary  to  follow  main- 
tenance routines,  these  are  largely  precautionary  methods  to 
anticipate  trouble  which  might  ensue  from  non-standard 
conditions  and  many  of  the  routines  can  be  discontinued  for 
a  more  or  less  indefinite  period  in  case  of  an  emergency. 

In  the  paper  we  have  learned  of  many  of  the  advantages 
of  automatic  operation  imder  various  conditions,  but  it  might 
be  of  interest  here  to  describe  briefly  how  the  condition  of 
full  automatic  service,  especially  in  large  networks,  is  ap- 
proached. 

.  It  is  not  often  that  the  cut-over  from  manual  to  automatic 
operation  is  effected  instantaneously  in  large  networks  except 
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where  the  manual  equipment  which  is  to  be  displaced  is  of  a 
more  or  less  uniform  condition  justifying  the  replacement. 
In  most  cases  the  transition  period  is  likely  to  be  from  two 
years  to  seven  years  or  more,  so  that  there  is  a  considerable 
time  during  which  there  is  a  mixed  manual  and  automatic 
service.  Obviously  as  far  as  the  telephone  user  is  concerned 
the  method  of  operation  should  be  such  that  manual  sub- 
scribers will  ori^nate  all  of  their  calls  as  they  have  been  doing 
and  automatic  subscribers  will  originate  all  of  their  calls  by 
means  of  the  dial. 

Various  plans  have  been  followed  for  affording  the  mixed 
service  during  the  transition  period,  each  having  advantages 
peculiar  to  the  particular  case.  For  calls  from  a  manual 
subscriber  to  an  automatic  subscriber  the  procedure  is  as 
follows : 

The  manual  subscriber  lifts  his  receiver  and  gets  the  opera- 
tor who  is  known  as  the  "A"  operator.  The  "A"  operator 
ascertains  the  number  that  is  desired  and  must  have  means 
for  disposing  of  the  call.  Since  the  subscriber  is  likely  to 
require  service  either  to  a  manual  or  to  an  automatic  number, 
the  "A"  operator  must  be  able  to  take  care  of  either  case.  The 
control  and  supervision  of  the  connection  should  always 
remain  with  the  "A"  operator.  The  plans  for  completing 
the  calls  to  automatic  are. 

First.  The  "A"  operator's  position  can  be  equipped  with 
a  dial  and  the  operator  can  dial  the  desired  number.  Ordinar- 
ily the  operator  will  have  trunks  direct  to  each  office,  and  it 
will  be  necessary  for  her  to  dial  only  the  last  four  digits  of 
the  number.  The  "A"  operator's  work  in  handling  a  call  of 
this  kind  is  practically  the  same  as  for  handling  a  manual 
trunk  call  by  order  wire. 

Second.  The  "A"  operator  can  extend  the  call  over  a 
trunk  to  a  sending  operator,  after  having  obtained  a  trunk 
assignment  from  the  sending  operator.  The  "A"  operator's 
work  is  the  same  as  in  handling  a  manual  trunk  call.  The 
second  operator's  positions,  located  at  one  or  more  convenient 
points,  can  be  equipped  in  the  following  manner: 

(a)  A  dial  cut  in  key  for  each  trunk  and  a  common  dial. 
After  learning  the  number  over  the  order  wire  and  making  the 
proper  trunk  assignment,  the  operator  uses  the  dial  cut-in 
key  of  the  proper  trunk  and  dials  the  number,  then  restores 
the  dial  key  to  normal.  This  operator  has  no  supervision 
except  busy  guard  lamps  to  prevent  double  assignment  of 
trunks.  When  the  "A"  operator  disconnects,  the  entire  con- 
nection is  cleared.  The  sending  operator  with  this  method 
of  operation  should  handle  from  300  to  350  calls  per  busy 
hoiu-. 

(b)  A  special  push  button  sending  device,  so  that  when 
receiving  the  number  over  the  order  wire,  this  operator 
sets  the  call  up  on  an  idle  sending  machine,  and  when  the 
proper  trunk  has  been  seized  by  the  "A"  operator,  then  the 
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machine  is  started  and  sends  the  impulses.    This  operator         \ 
has  only  busy  guard  lamp  supervision  and  the  control  of  the 
connection  rests  with  the  "A"  operator.    A  second-sending 
operator  with  this  method  of  operation  should  handle  from 
550  to  600  calls  per  busy  hour. 

When  only  a  relatively  small  portion  of  a  network  is  to  be 
converted  to  automatic  initially,  it  may  be  more  practical 
to  use  the  second  plan  rather  than  to  equip  all  "A"  positions 
with  dials  and  instructing  the  entire  staff  in  the  dialling 
method  of  operation.  Whether  the  sending  operator  would 
be  provided  with  a  dial  or  a  special  sending  device  would 
depend  on  the  length  of  the  transition  period,  and  since  the 
special  sending  positions  are  considerably  more  expensive, 
than  the  dial  position,  and  could  be  justified  only  on  the  basis 
of  operating  savings.  Obviously  as  the  conversion  work  pro- 
ceeds, there  will  be  an  economical  point  at  which  the  dials 
can  be  placed  on  the  '*A"  operator's  positions. 

For  calls  from  automatic  to  manual  the  procedure  is  as 
follows: 

First.  The  directory  listings  can  differentiate  between 
manual  and  automatic  subscribers.  Then  the  automatic  sub- 
scriber could  be  instructed  to  call  a  predetermined  digit,  say 
"9",  for  calls  to  manual  subscribers  the  call  would  then  be 
routed  over  a  trunk  to  a  nearby  manual  operator,  where  it 
would  terminate  as  a  subscriber's  line.  An  "A"  operator 
would  answer  and  complete  the  connection  the  same  as  a 
manual  call. 

Second.  The  directory  listings  can  differentiate  between 
manual  and  automatic  subscribers.  Then  the  automatic 
subscriber  could  be  instructed  to  call  certain  digits  to  route 
the  calls  to  the  proper  manual  exchange  where  the  trunks 
would  terminate  before  an  operator  who  would  answer  and 
learn  the  desired  number  and  the  call  would  be  completed 
by  plugging  into  the  multiple.  If  the  trunks  are  plug-ended 
and  equipped  for  machine  ringing,  then  the  operator  can  com- 
plete about  300  calls  during  the  busy  hour. 

Third.  The  directory  listings  would  all  be  on  an  automatic 
basis.  Then  the  automatic  subscribers  would  dial  the 
numbers  as  listed,  and  the  call  would  be  routed  to  the  proper 
manual  exchange  where  the  last  four  figures  would  be  displayed 
before  a  special  operator  who  could  associate  the  proper 
trunk  with  the  number  indicated,  and  by  plugging  into  the 
proper  terminal  of  the  multiple  complete  the  connection. 
An  operator  with  this  method  of  operation  should  complete 
from  550  to  600  calls  per  busy  hour. 

Fourth.  The  calling  subscriber  would  proceed  as  in  the 
previous  case,  but  the  call  instead  of  being  displayed  before 
an  operator,  would  be  set  up  on  selector,  and  connector  switches. 
The  banks  of  the  connector  switches  would  be  connected  to 
the  corresponding  hundreds  of  the  manual  multiple,  and  the 
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connectors  would  be  arranged  to  function  properly  with  the 
manual  multiple. 

When  only  a  relatively  small  portion  of  a  network  is  to  be 
converted  to  automatic  initially,  it  may  be  more  practical  to 
use  the  first  methods,  as  the  conversion  proceeds  the  second 
method  will  have  its  advantages.  When  a  considerable 
portion  of  the  plant  has  been  put  on  an  automatic  basis,  then 
either  the  third  or  fourth  plans  will  be  more  suitable.  Which 
of  these  two  plans  is  followed  would  depend  largely  on  the 
ability  to  finance  the  installation  of  the  selector  and  con- 
nector equipment,  because  the  saving  in  operating  labor 
would  be  obvious.  The  fourth  plan  has  many  advantages 
to  the  operating  company,  because  operating  labor  can  be 
reduced  to  a  minimum,  even  calls  from  one  manual  office  to 
another  manual  office  can  be  completed  by  the  "A"  operator 
in  the  originating  office,  through  the  selector  and  the  con- 
nector equipment. 

It  should  appear,  after  describing  the  various  means  of 
affording  mixed  service  during  a  transition  period,  that  all 
plans  are  feasible.  A  special  study  is  required  in  each  case 
to  determine  the  plan  best  suited.  The  writer,  however,  feels 
that  the  plan  which  has  in  view  the  complete  conversion  in 
the  shortest  time  is  the  one  which  will  eventually  be  followed, 
because  there  are  certain  advantages  which  are  apparent,  but 
which  cannot  always  be  represented  in  a  cost  study. 

Arthur  Bessey  Smith :  I  think  it  only  right,  that  you  should 
know  that  although  the  present  automatic  switch,  to  which, 
I  referred,  has  a  bank  having  only  ten  contacts  on  each  level 
yet  this  does  not  by  any  means  limit  the  number  of  trunks 
available  for  communicating  between  different  offices,  or  trunks 
between  different  parts  of  the  same  office — all  the  way  from  150 
to  200  trunks  in  a  group  are  available  by  suitable  combi- 
nations of  the  apparatus,  and  I  think  I  am  safe  in  saying  it  will 
not  be  difficult  to  increase  them  to  500  trunks  in  one  group. 
This  has  already  been  done  in  part. 

In  regard  to  the  French  situation,  there  is  a  company  in 
France  known  as  the  Thompson-Houston  Comany,  which  has 
been  making  some  automatic  apparatus  and  is  in  a  position 
to  make  more. 

I  think  Mr.  Baer's  discussion  requires  no  answer  from  me, 
because  Mr.  Baer's  is  an  expert  in  his  own  line,  and  knows 
whereof  he  speaks. 
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Copyright  1919.     By  A.  I.  B.  E. 


THE  SEARCHLIGHT  IN  THE  U.  S.  NAVY 


BY  RALPH  KELLY 


Abstract  of  Paper 

The  types  and  uses  of  searchlights  and  signaling  lights  on 
naval  ships  are  briefly  described. 

A  changed  form  of  12-inch  incandescent  searchlight  is  sug- 
gested which  will  insure  the  lamp  bulb  fllament  always  being 
at  the  focal  point  of  the  mirror  and  of  the  correct  type  for  the 
application. 

The  present  type  of  low-power  searchlight  has  many  faults. 
These  faults  may  oe  corrected  by  supporting  the  carbons  rigidly 
near  the  arc,  the  positive  carbon  being  held  at  the  focal  point  by 
a  simple  automatic  control.  The  best  size  and  material  of 
carbons  should  be  used  regardless  of  the  burning  ratio. 

The  introduction  of  the  high-power  searchlight  revolutionized 
the  application  of  the  searchlight  to  naval  ships.  Although 
great  improvements  have  been  made  since  that  time  there  is 
still  room  for  a  material  reduction  in  the  number  and  complex- 
ity of  the  parts. 

It  is  believed  there  is  also  a  possibility  of  a  considerable  im- 
provement in  the  electrodes. 

The  use  of  the  dome  glass  door  enables  a  searchlight  to  operate 
in  close  proximity  to  large  calibre  rifles  and  makes  it  possible  to 
successfully  build  even  larger  sizes  of  searchlights  than  those  at 
present  in  use. 

The  star  shell  has  gx^&t  possibilities,  but  it  is  doubtful  if  it 
will  ever  supersede  the  high-power  searchlight. 


PIERE  are  three  distinct  tyi>es  of  searchlights  commonly 
used  in  the  United  States  Navy: 

The  incandescent  searchlight, 

The  low-power  searchlight, 

The  high-power  searchlight. 

These  types  are  used  for  navigational  work,  for  both  daylight 
and  night  signaling  and  for  illumination  of  enemy  ships  in  night 
engagements.  Each  type  has  its  field  of  usefulness  in  navy 
work. 

The  development  of  the  searchlight  for  naval  use  was  prac- 
tically dormant  for  the  few  years  prior  to  1915.*  In  1915  it  was 
revived  by  the  adoption  of  the  high-intensity  light  for  capital 
ships  after  a  long  series  of  tests  under  laboratory  and  sea-going 

♦  "Searchlights"  by  C.  S.  McDowell.     Transactions  A.  I.  E.  E.  1915. 
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conditions.  Since  that  time  the  development  has  been  so  rapid 
that  searchlights  purchased  in  one  year  became  almost  entirely 
obsolete  the  next  year. 

The  object  of  this  paper  is  to  describe  the  various  types  of 
searchlight  equipment  at  present  in  use  in  the  navy,  their  field 
of  application  and  the  paths  of  future  development  demon- 
strated by  experience  gained  during  the  war.  It  is  hoped  that 
there  will  be  a  free  discussion  along  constructive  lines  of  the 
suggestions  for  future  development  of  searchlight  equipment 
for  naval  use. 

The  Incandescent  Searchlight 

At  present  there  are  four  separate  forms  of  the  incandescent 
searchlight  used  in  naval  service: 


Clamp 
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FiG.  1 — The  Poktable  Tube  Blinker 


The  portable  tube  blinker, 

The  yard-arm  blinker, 

The  Aldis  light. 

The  12-in.  incandescent  light. 
The  two  blinkers  cannot  properly  be  classed  as  searchlights  as 
they  are  used  only  for  signaling  purposes.    As  all  sizes  of 
searchlights  are  largely  used  for  signaling,  a  description  of 
these  lights  is  included  to  make  the  article  complete. 

(a)  The  Portable  Tube  Blinker,  Fig.  1,  is  extensively  used  for 
concealed  local  signaling  at  night  between  ships  in  column, 
between  neighboring  columns  of  ships  or  between  landing 
parties  on  hostile  coasts  and  their  supporting  ships.  It  is 
accordingly  designed  to  throw  a  feeble  beam  "of  light  of  a  very 
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contracted  area  in  order  to  avoid  I'ts  being  observed  at  long 
ranges  or  by  anyone  at  whom  it  is  not  directly  aimed. 

It  consists  of  a  long  brass  tube  with  a  small  flash  lamp  bulb 
placed  at  one  end  at  the  focal  point  of  a  comparatively  large 
parabolic  reflector  with  a  short  focal  length.  The  reflector  is 
deigned  to  project  practically  all  the  light  from  the  lamp  bulb 
in  the  form  of  a  small  diameter  beam  to  the  neighboring 
ship  or  station.  The  inside  of  the  tube  is  punted  black  and 
has  a  long  extension  between  the  lamp  bulb  and  the  opening 
in  the  tube  end.  This  tends  to  eliminate  all  stray  light, 
keeping  the  beam  to  a  small  diameter.    This  form  of  signaling 
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Flu.  2 — Yard-Arm  Blinker  Light 

light  performs  its  duties  well  and  is  universally  used  in  naval 
service. 

The  only  fault  that  has  developed  in  its  use  is  a  minor  one 
which  may  be  easily  corrected.  When  used  on  a  small  boat 
forming  an  unsteady  platform,  such  as  a  destroyer  or  sub- 
marine chaser,  it  is  very  difficult  to  keep  the  blinker  directed  at 
the  desired  receiving  station  due  to  the  blinker  rolling  on  the 
rail.  A  rectangular  cross  section  of  blinker  or  a  ball  and  socket 
rest  on  the  rail  for  the  present  style  of  blinker  would  improve 
the  operation. 

(6)     The  Yard-Arm  Blinker,  Fig.  2,  as  its  name  implies,  is  a 
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blinker  lantern  mounted  on  the  yard-arm  of  a  ship  and  which 
gives  out  light  that  is  visible  all  around  the  horizon.  It  is 
widely  used  for  night  signaling  in  times  of  peace  and  in  pro- 
tected waters  in  times  of  war.  The  lantern  is  designed  to 
contain  a  high-speed  incandescent  light  with  a  filament  which 
is  placed  at  the  focal  point  of  a  Fresnel  lens.  Signals  are  sent 
by  blinking  the  light  with  a  telegraphic  key  which  alternately 
makes  and  breaks  the  circuit.  The  lamp  bulb  used  in  this 
lantern  has  been  specially  developed  for  Navy  signaling  work 
with  a  concentrated  filament  that  heats  and  cools  very  rapidly. 

This  type  of  blinker  has  given  general  satisfaction  and  is  a 
valuable  addition  to  the  signaling  equipment  of  a  ship  in  view 
of  the  large  amount  of  signaling  that  takes  place  between 
naval  vessels.  In  actual  practise  a  circular  nest  of  six  com- 
mercial tubular  lamb  bulbs,  connected  in  parallel  across  the 
line,  are  used  instead  of  the  correctly  designed  high  speed  signal 
lamp  bulb  with  its  filament  at  the  focal  point  of  the  lens. 

No  part  of  the  filaments  of  any  of  these  lamps  coincide  with 
the  focal  point  of  the  Fresnel  lens  with  the  result  that  the  lens 
disperses  all  except  the  direct  rays  of  light  to  the  observer,  and 
could  be  replaced  with  a  less  expensive  plane  glass  cylinder. 
The  nest  of  lamps  with  a  comparatively  long  life  is  used  by  navy 
personnel  in  preference  to  the  short  lived  high-speed  signal 
lamp,  as  the  blinker  lantern  is  located  at  the  end  of  a  yard 
arm.  Any  lamp  combination  that  requires  infrequent  replace- 
ments is  for  this  inaccessible  light  more  popular  with  the  blue- 
jacket than  a  better  short-lived  lamp. 

The  nest  of  lamps,  as  far  as  can  be  determined,  gives  entire 
satisfaction  in  signaling  work,  making  it  possible  to  replace  the 
comparatively  expensive  Fresnel  lens  with  an  inexpensive  plane 
glass  cylinder. 

(c)  The  Aldis  Lamp,  Fig.  3,  is  a  projector  of  British  design  in 
which  advantageous  features  are  incorporated  that  make  it 
superior  to  similar  lamps  previously  used  in  naval  service. 
While  primarily  designed  for  daylight  signaling,  it  has  been 
used  successfully  as  a  searchlight  and  for  signaling  in  airplanes 
and  dirigible  ballons. 

The  projector  itself  is  a  light,  well  balanced,  portable  affair 
of  aliuninum  which  signals  by  alternately  throwing  a  search- 
light beam  on  and  off  an  observer.  This  is  accomplished  by 
rocking  the  mirror  back  and  forth  by  means  of  a  trigger,  the 
lamp  bulb  burning  continuously.    The  lamp  bulb  is  manu- 
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factured  to  such  close  limits  that  when  it  is  screwed  into  a 
special  socket  in  the  lamp,  its  filament  is  in  the  focal  point  of 
the  mirror. 

This  tjrpe  of  signaling  lamp  is  universally  used  on  ships, 
shore  stations,  dirigibles  and  airships.  Its  success  is  due  to  its 
high  signaling  speed,  its  compactness  and  portability,  but  most 
of  all  to  the  fact  that,  regardless  of  the  personnel  handling  it, 
the  lamp  filament  is  always  at  the  focal  point  of  the  mirror  and 
a  long  range  efficient  beam  is  obtained  at  all  times. 

(d)  .The  12'in.  Incandescent  Lamp  Fig.  4,  is  largely  used  in 
naval  service  on  all  classes  of  naval  vessels  for  long  range  day- 
light signaling  in  fair  weather,  and  for  navigational  use  at  night 


Fiu.  4 


on  small  boats.  This  type  of  light  has  not  been  generally 
successful  in  its  present  form  due  to  the  fact  that  it  requires 
special  adjustments  and  care  in  service,  for  successful  operation. 

It  has  a  fixed  parabolic  mirror  with  a  high-speed  signaling 
lamp  bulb  which  screws  into  a  standard  socket.  The  socket 
can  be  adjusted  to  place  the  filament  of  a  commercial  lamp  bulb 
in  the  focal  point  of  the  mirror.  This  adjustment  is  made  large 
to  permit  the  use  of  several  different  sized  lamp  bulbs  ranging 
from  150  to  400  watts.  The  whole  is  contained  in  a  cylindrical 
drum  which  is  commonly  made  of  sheet  iron.  Signals  are 
sent  by  blinking  the  filament  of  the  lamp  bulb  by  a  telegraphic 
type  of  key. 

This  lamp  has  proved  successful  for  navigational  work  on 
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small  craft  and  particularly  so  for  submarines.  A  small  9-in.  arc 
lamp  was  specially  developed  for  submarine  use,  but  its  lack 
of  portability,  attention  required  in  operation,  and  necessity 
for  frequent  recarboning  caused  it  to  give  way  to  the  incandes- 
cent searchlight.  An  important  factor  that  entered  into  this 
change  is  that  a  submarine  is  frequently  submerged  without 
there  being  sufficient  time  to  dismount  the  searchlight  and 
stow  it  below.  An  incandescent  searchlight  can  be  submerged 
without  permanent  damage,  while  an  arc  lamp  is  placed  out  of 
commission.  The  small  amount  of  care  required  for  the  incan- 
descent type  of  searchlight,  and  the  comparatively  long  life  of 
a  lamp  bulb  in  comparison  with  a  trim  of  carbons,  makes  a 
correctly  designed  light  of  this  type  ideal  for  use  on  small  craft 
with  limited  personnel. 

The  faults  in  the  present  type  of  light  have  been  demonstrated 
by  its  use  in  daylight  signaling.  At  the  present  time  the  cor- 
rectly designed  Aldis  light,  with  a43>^-in.  mirror  and  40  watt 
lamp,  is  the  equal  in  signaling  power  to  the  larger  light  with  its 
11-in.  mirror  and  a  150-watt  lamp.  Considerable  adjustment  is 
permitted,  both  in  the  horizontal  and  vertical  planes  of  the 
12-in.  incandescent  light,  to  allow  for  variations  in  filament 
location  in  commercial  lamps,  and  to  permit  the  use  of  various 
size  lamp  bulbs.  Every  time  a  new  lamp  bulb  is  inserted  in  the 
projector,  the  operator  should  focus  the  projector  for  that 
particular  filament.  This  is  rarely,  if  ever  done,  and  in  service 
in  not  one  lamp  that  the  writer  has  inspected  has  the  lamp 
filament  been  at  the  focal  point  of  the  mirror.  In  the  majority 
of  cases  it  has  been  approximately  one  inch  out  of  focus  in  each 
plane.  Of  course  in  this  condition  the  mirror  is  of  no  value 
and  only  the  direct  rays  of  light  from  the  filament  reach  a  dis- 
tant observer. 

The  high-speed  concentrated  filament  lamp  bulb  specially  de- 
signed for  this  searchlight  is  almost  identical  in  appearance  to  a 
concentrated  filament  stereoptican  type  of  lamp  bulb  designed 
only  for  searchlight  work.  Long  life  being  desirable  in  the  latter 
type  of  lamp,  its  filament  cools  and  heats  very  slowly  and  it  can- 
not be  used  at  all  for  signaling  work.  Due  to  the  similarity  in 
appearance,  both  types  of  light  are  issued  indiscriminately  for 
the  12-in.  searchlight.  The  personnel,  not  realizing  that  there 
are  two  entirely  different  types  of  lamps  of  similar  appearance, 
condemn  them  both  and  use  a  commercial  Mazda  lamp  which 
happens  to  fit  the  same  socket,  but  in  which  no  part  of  the 
filament  comes  any  where  near  the  focal  point  of  the  mirror. 
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The  design  of  a  new  type  of  light  along  correct  fundamental 
lines,  is  contemplated  to  be  arranged  so  that  it  cannot  be  used 
incorrectly  by  naval  personnel.  The  same  type  and  size  of 
mirror  will  be  used  in  a  brass  non-corrosive  drum.  The 
lamp  socket  will  be  permanently  fixed  in  such  a  position  that 
when  a  150-watt,  high-speed  lamp  bulb  is  placed  in  it,  some 
part  of  the  filament  will  be  in  the  focal  point  of  the  mirror. 
The  ordinary  high-speed  150-watt  lamp  is  manufactured  with 
a  dimension  across  the  filament  of  approximately  }4  ii^ch  so 
that  in  the  great  majority  of  cases  with  such  a  lamp,  some 
part  of  the  filament  will  be  in  the  focal  point  of  the  mirror, 
even  with  ordinary  commercial  limits  of  manufacture. 

To  eliminate  the  use  of  lamps  other  than  that  specially 
designed  for  this  class  of  work,  the  lamp  bulb  must  be  of  such 
design  that  no  other  lamp  can  be  used  in  the  socket.  One  way 
of  accomplishing  this  object  is  to  make  the  signaling  lamp  with 
a  bayonet  base.  Similar  precaution  will  have  to  be  taken  in 
a  12-in.  incandescent  searchlight  that  will  be  used  only  for 
searchlight  work  to  provide  only  for  the  use  of  a  concentrated- 
filament,  long-life,  stereoptican  light. 

Attempts  have  been  made  to  extend  the  use  of  the  incandes- 
cent searchlight  to  larger  sizes  such  as  18-  or  24-in.  using 
larger  wattage  lamps.  To  obtain  the  larger  lamp  capacity; 
the  filament  area  must  be  increased  with  the  result  that  the 
intrinsic  brilliancy  of  the  filament  remains  approximately  the 
same  and  there  is  practically  no  increase  in  light.  There  is  no 
attempt  being  made  at  the  present  time  to  increase  the  size  of 
the  incandescent  searchlight  beyond  the  12-in.  size. 

Low-Power  Arc  Lights 

The  number  of  sizes  of  low-power  arc  lamps  in  navy  service 
at  the  present  time  is  legion,  a  9-in.,  12-in.,  18-in.,  24-in,  30-in., 
36-in.  and  even  a  few  60-in.  are  used.  The  large  number  of 
sizes  is  a  natural  growth  during  a  long  period  of  years,  new 
sizes  having  been  developed  for  special  applications. 

The  9-in.  size  was  developed  specially  for  submarine  work 
and  is  practically  the  12-in.  size  of  lamp  with  a  few  nec- 
essary modifications  to  fit  it  to  the  smaller  drum.  It  has 
recently  been  superseded  for  submarine  use  by  the  12-in. 
incandescent  searchlight. 

The  12-in.  size  is  the  most  commonly  used  of  all  searchlights 
\Xi  n^val  service.     It  is  used  principally  for  long  range  daylight 
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signaling  on  all  naval  vessels  and  for  navigational  lights  on 
small  boats.  It  has  a  wide  field  of  usefulness  and  practically 
every  naval  ship  has  at  least  one  of  these  lights  as  part  of  its 
equipment. 

The  18-in.  searchlight  prior  to  the  present  war  was  used  only 
on  merchant  vessels.  Although  the  present  type  is  not  well 
constructed,  a  large  number  of  them  were  purchased  when  the 
United  States  entered  the  war  as  there  was  a  great  shortage  of 
searchlight  material  at  that  time,  and  a  large  number  of 
ships  to  be  equipped. 

The  24-in.  low-power  light  has  a  limited  application  for 
navigational  work  on  naval  vessels,  such  as  hospital  ships,  fuel 
ships  and  tenders  of  all  types  and  a  certain  field  for  long  range 
daylight  signaling. 

The  30  and  the  36-in.  low-power  searchlights  were  placed  on 
battleships  and  cruisers  prior  to  the  development  of  the  high- 
power  searchlight.  They  are  rapidly  being  replaced  by  high- 
intensity  lights  or  being  converted  into  high-intensity  lights 
and  will  shortly  be  obsolete  in  naval  service. 

It  would  be  of  great  advantage  in  the  future  to  use  only 
one  size  of  low-power  searchlight,  12  in.  or  18.  in.,  develop- 
ing a  searchlight  along  fundamentally  correct  lines  to  give  a 
far  greater  beam  candle  power  under  operating  conditions 
than  the  present  12-in.  light.  It  is  believed  that  a  new 
12-in.  light  can  be  developed  to  give  as  great  illumination 
on  the  target  as  the  present  24-in.  low-power  searchlight. 

All  sizes  of  low  power  searchlights  in  service  are  essentially 
the  same  in  design,  the  mechanism  differing  only  in  size.  A 
typical  mechanism  is  shown  in  Fig.  5.  The  positive  and  nega- 
tive heads  are  each  supported  on  a  separate  movable  carriage. 
The  carriages  are  separately  geared  to  a  motor  or  solenoid 
which  feeds  the  two  heads  together  at  a  predetermined  fixed 
rate,  which  is  supposed  to  correspond  to  the  burning  away  of 
the  carbons.  The  specifications  for  purchasing  carbons  call 
for  carbons  that  bum  at  fixed  rates  which,  combined  with 
proper  gearing  in  the  lamp  mechanism,  will  theoretically 
result  in  the  positive  crater  being  in  the  focal  point  of  the 
reflector  at  all  times.  The  arc  length  is  kept  fairly  constant  by 
a  balanced  type  of  feeding  mechanism  that  feeds  the  negative 
carbon  forwards  or  backwards  when  the  arc  voltage  is  higher 
or  lower  than  normal.  The  present  size  carbons  are  of  com- 
paratively large  diameter,  slow  burning  and  with  a  low  current 
density. 
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where  the  manual  equipment  which  is  to  be  displaced  is  of  a 
more  or  less  uniform  condition  justifjdng  the  replacement. 
In  most  cases  the  transition  period  is  likely  to  be  from  two 
years  to  seven  years  or  more,  so  that  there  is  a  considerable 
time  during  which  there  is  a  mixed  manual  and  automatic 
service.  Obviously  as  far  as  the  telephone  user  is  concerned 
the  method  of  operation  should  be  such  that  manual  sub- 
scribers will  originate  all  of  their  calls  as  they  have  been  doing 
and  automatic  subscribers  will  originate  all  of  their  calls  by 
means  of  the  dial. 

Various  plans  have  been  followed  for  affording  the  mixed 
service  during  the  transition  period,  each  having  advantages 
peculiar  to  the  particular  case.  For  calls  from  a  manual 
subscriber  to  an  automatic  subscriber  the  procedure  is  as 
follows : 

The  manual  subscriber  lifts  his  receiver  and  gets  the  opera- 
tor who  is  known  as  the  ''A"  operator.  The  "A"  operator 
ascertains  the  nmnber  that  is  desired  and  must  have  means 
for  disposing  of  the  call.  Since  the  subscriber  is  likely  to 
require  service  either  to  a  manual  or  to  an  automatic  numba*, 
the  "A"  operator  must  be  able  to  take  care  of  either  case.  The 
control  and  supervision  of  the  connection  should  always 
remain  with  the  ''A"  operator.  The  plans  for  completing 
the  calls  to  automatic  are, 

First.  The  "A"  operator's  position  can  be  equipped  with 
a  dial  and  the  operator  can  dial  the  desired  number.  Ordinar- 
ily the  operator  will  have  trunks  direct  to  each  office,  and  it 
will  be  necessary  for  her  to  dial  only  the  last  four  digits  of 
the  number.  The  ''A''  operator's  work  in  handling  a  call  of 
this  kind  is  practically  the  same  as  for  handling  a  manual 
trunk  call  by  order  wire. 

Second.  The  ''A"  operator  can  extend  the  call  over  a 
trunk  to  a  sending  operator,  after  having  obtained  a  trunk 
assignment  from  the  sending  operator.  The  ''A"  operator's 
work  is  the  same  as  in  handling  a  manual  trunk  call.  The 
second  operator's  positions,  located  at  one  or  more  convenient 
points,  can  be  equipped  in  the  following  manner: 

(a)  A  dial  cut  in  key  for  each  trunk  and  a  common  dial. 
After  learning  the  number  over  the  order  wire  and  making  the 
proper  trunk  assignment,  the  operator  uses  the  dial  cut-in 
key  of  the  proper  trunk  and  dials  the  number,  then  restores 
the  dial  key  to  normal.  This  operator  has  no  supervision 
except  busy  guard  lamps  to  prevent  double  assignment  of 
trunks.  When  the  ''A"  operator  disconnects,  the  entire  con- 
nection is  cleared.  The  sending  operator  with  this  method 
of  operation  should  handle  from  300  to  350  calls  per  busy 
hour. 

(b)  A  special  push  button  sending  device,  so  that  when 
receiving  the  number  over  the  order  wire,  this  operator 
sets  the  call  up  on  an  idle  sending  machine,  and  when  the 
proper  trunk  has  been  seized  by  the  ''A"  operator,  then  Hie 
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machine  is  started  and  sends  the  impulses.    This  operator         ^ 
has  only  busy  guard  lamp  supervision  and  the  control  of  the 
connection  rests  with  the  "A"  operator.    A  second-sending 
operator  with  this  method  of  operation  should  handle  from 
550  to  600  calls  per  busy  hour. 

When  only  a  relatively  small  portion  of  a  network  is  to  be 
converted  to  automatic  initially,  it  may  be  more  practical 
to  use  the  second  plan  rather  than  to  equip  all  "A"  positions 
with  dials  and  instructing  the  entire  staff  in  the  dialling 
method  of  operation.  Whether  the  sending  operator  would 
be  provided  with  a  dial  or  a  special  sending  device  would 
depend  on  the  length  of  the  transition  period,  and  since  the 
special  sending  positions  are  considerably  more  expensive, 
than  the  dial  position,  and  could  be  justified  only  on  the  basis 
of  operating  savings.  Obviously  as  the  conversion  work  pro- 
ceeds, there  will  be  an  economical  point  at  which  the  dials 
can  be  placed  on  the  "A"  operator's  positions. 

For  calls  from  automatic  to  manual  the  procedure  is  as 
follows: 

First.  The  directory  listings  can  differentiate  between 
manual  and  automatic  subscribers.  Then  the  automatic  sub- 
scriber could  be  instructed  to  call  a  predetermined  digit,  say 
''9",  for  calls  to  manual  subscribers  the  call  would  then  be 
routed  over  a  trunk  to  a  nearby  manual  operator,  where  it 
would  terminate  as  a  subscriber's  line.  An  "A"  operator 
would  answer  and  complete  the  connection  the  same  as  a 
manual  call. 

Second.  The  directory  listings  can  differentiate  between 
manual  and  automatic  subscribers.  Then  the  automatic 
subscriber  could  be  instructed  to  call  certain  digits  to  route 
the  calls  to  the  proper  manual  exchange  where  the  trunks 
would  terminate  before  an  operator  who  would  answer  and 
learn  the  desired  number  and  the  call  would  be  completed 
by  plugging  into  the  multiple.  If  the  trunks  are  plug-ended 
and  equipped  for  machine  ringing,  then  the  operator  can  com- 
plete about  300  calls  during  the  busy  hour. 

Third.  The  directory  listings  would  all  be  on  an  automatic 
basis.  Then  the  automatic  subscribers  would  dial  the 
numbers  as  listed,  and  the  call  would  be  routed  to  the  proper 
manual  exchange  where  the  last  four  figures  would  be  displayed 
before  a  special  operator  who  could  associate  the  proper 
trunk  with  the  number  indicated,  and  by  plugging  into  the 
proper  terminal  of  the  multiple  complete  the  connection. 
An  operator  with  this  method  of  operation  should  complete 
from  550  to  600  calls  per  busy  hour. 

Fourth.  The  calling  subscriber  would  proceed  as  in  the 
previous  case,  but  the  call  instead  of  being  displayed  before 
an  operator,  would  be  set  up  on  selector,  and  connector  switches. 
The  banks  of  the  connector  switches  would  be  connected  to 
the  corresponding  hundreds  of  the  manual  multiple,  and  the. 
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connectors  would  be  arranged  to  function  properly  with  the 
manual  multiple. 

When  only  a  relatively  small  portion  of  a  network  is  to  be 
converted  to  automatic  initially,  it  may  be  more  practical  to 
use  the  first  methods,  as  the  conversion  proceeds  the  second 
method  will  have  its  advantages.  When  a  considerable 
portion  of  the  plant  has  been  put  on  an  automatic  basis,  then 
either  the  third  or  fourth  plans  will  be  more  suitable.  Which 
of  these  two  plans  is  followed  would  depend  largely  on  the 
ability  to  finance  the  installation  of  the  selector  and  con- 
nector equipment,  because  the  saving  in  operating  labor 
would  be  obvious.  The  fourth  plan  has  many  advantages 
to  the  operating  company,  because  operating  labor  can  be 
reduced  to  a  minimum,  even  calls  from  one  manual  office  to 
another  manual  office  can  be  completed  by  the  "A"  operator 
in  the  originatmg  office,  through  the  selector  and  the  con- 
nector equipment. 

It  should  appear,  after  describing  the  various  means  of 
affording  mix^  service  during  a  transition  period,  that  sJl 
plans  are  feasible.  A  special  study  is  required  in  each  case 
to  determine  the  plan  best  suited.  The  writer,  however,  feels 
that  the  plan  which  has  in  view  the  complete  conversion  in 
the  shortest  time  is  the  one  which  will  eventually  be  followed, 
because  there  are  certain  advantages  which  are  apparent,  but 
which  cannot  always  be  represented  in  a  cost  study. 

Arthur  Bessey  Smith :  I  think  it  only  right,  that  you  should 
know  that  although  the  present  automatic  switch,  to  which, 
I  referred,  has  a  bank  having  only  ten  contacts  on  each  level 
yet  this  does  not  by  any  means  limit  the  number  of  trunks 
available  for  communicating  between  different  offices,  or  trunks 
between  different  parts  of  the  same  office — all  the  way  from  150 
to  200  trunks  in  a  group  are  available  by  suitable  combi- 
nations of  the  apparatus,  and  I  think  I  am  safe  in  saying  it  will 
not  be  difficult  to  increase  them  to  500  trunks  in  one  group. 
This  has  already  been  done  in  part. 

In  regard  to  the  French  situation,  there  is  a  company  in 
France  known  as  the  Thompson-Houston  Comany,  which  has 
been  making  some  automatic  apparatus  and  is  in  a  position 
to  make  more. 

I  think  Mr.  Baer's  discussion  requires  no  answer  from  me, 
because  Mr.  Baer's  is  an  expert  in  his  own  line,  and  knows 
whereof  he  speaks. 


Prestnted  ai  thi  35^h  MtHing  qf  ikt  Ameri- 
can InstituU  of  Electrical  Engineers,  New  York, 
December  12,  1919. 

Copyright  1919.     By  A.  I.  E.  E. 


THE  SEARCHLIGHT  IN  THE  U.  S.  NAVY 


BY  RALPH  KELLY 


Abstract  of  Paper 

The  types  and  uses  of  searchlights  and  signaling  lights  on 
naval  ships  are  briefly  described. 

A  changed  form  of  12-inch  incandescent  searchlight  is  sug- 
gested which  will  insure  the  lamp  bulb  filament  always  being 
at  the  focal  point  of  the  mirror  and  of  the  correct  type  for  the 
application. 

The  present  type  of  low-power  searchlight  has  many  faults. 
These  faults  may  oe  corrected  by  supporting  the  carbons  rigidly 
near  the  arc,  the  positive  carbon  being  held  at  the  focal  point  by 
a  simple  automatic  control.  The  best  size  and  material  of 
carbons  should  be  used  regardless  of  the  burning  ratio. 

The  introduction  of  the  high-power  searchlight  revolutionized 
the  application  of  the  searchlight  to  naval  ships.  Although 
great  improvements  have  been  made  since  that  time  there  is 
still  room  for  a  material  reduction  in  the  number  and  cpmplex- 
ity  of  the  parts. 

It  is  believed  there  is  also  a  possibility  of  a  considerable  im- 
provement in  the  electrodes. 

The  use  of  the  dome  glass  door  enables  a  searchlight  to  operate 
in  close  proximity  to  large  calibre  rifles  and  makes  it  possible  to 
successfully  build  even  larger  sizes  of  searchlights  than  those  at 
present  in  use. 

The  star  shell  has  great  possibilities,  but  it  is  doubtful  if  it 
will  ever  supersede  the  high-power  searchlight. 


PI  ERE  are  three  distinct  types  of  searchlights  commonly 
used  in  the  United  States  Navy : 

The  incandescent  searchlight, 

The  low-power  searchlight, 

The  high-power  searchlight. 

These  types  are  used  for  navigational  work,  for  both  daylight 
and  night  signaling  and  for  illumination  of  enemy  ships  in  night 
engagements.  Each  type  has  its  field  of  usefulness  in  navy 
work. 

The  development  of  the  searchlight  for  naval  use  was  prac- 
tically dormant  for  the  few  years  prior  to  1915.*  In  1915  it  was 
revived  by  the  adoption  of  the  high-intensity  light  for  capital 
ships  after  a  long  series  of  tests  under  laboratory  and  sea-going 

*  "Searchlights"  by  C.  S.  McDowell.     Transactions  A.  I.  E.  E.  1915. 
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conditions.  Since  that  time  the  development  has  been  so  rapid 
that  searchlights  purchased  in  one  year  became  almost  entirely 
obsolete  the  next  year. 

The  object  of  this  paper  is  to  describe  the  various  types  of 
searchlight  equipment  at  present  in  use  in  the  navy,  their  field 
of  application  and  the  paths  of  future  development  demon- 
strated by  experience  gained  during  the  war.  It  is  hoped  that 
there  will  be  a  free  discussion  along  constructive  lines  of  the 
suggestions  for  future  development  of  searchlight  equipment 
for  naval  use. 

The  Incandescent  Searchlight 

At  present  there  are  four  separate  forms  of  the  incandescent 
searchlight  used  in  naval  service: 


Clamp 


-8v- 

oCl^r 


/^ 


Two  Clamps,  for  holding  an 
Officer  of  Deck  Spyglass 


26"- 


Fi«.  1  —The  Portable  Tube  Blinker 


The  portable  tube  blinker, 

The  yard-arm  blinker, 

The  Aldis  light, 

The  12-in.  incandescent  light. 
The  two  blinkers  cannot  properly  be  classed  as  searchlights  as 
they  are  used  only  for  signaling  purposes.    As  all  sizes  of 
searchlights  are  largely  used  for  signaling,  a  description  of 
these  lights  is  included  to  make  the  article  complete. 

(a)  The  Portable  Tube  Blinker,  Fig.  1,  is  extensively  used  for 
concealed  local  signaling  at  night  between  ships  in  column, 
between  neighboring  columns  of  ships  or  between  landing 
parties  on  hostile  coasts  and  their  supporting  ships.  It  is 
accordingly  designed  to  throw  a  feeble  beam  of  light  of  a  very 
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contracted  area  in  order  to  avoid  its  being  observed  at  long 
ranges  or  by  anyone  at  whom  it  is  not  directly  aimed. 

It  consists  of  a  long  brass  tube  with  a  small  flash  lamp  bulb 
placed  at  one  end  at  the  focal  point  of  a  comparatively  large 
parabolic  reflector  with  a  short  focal  length.  The  reflector  is 
designed  to  project  practically  all  the  light  from  the  lamp  bulb 
in  the  form  of  a  small  diameter  beam  to  the  neighboring 
ship  or  station.  The  inside  of  the  tube  is  painted  black  and 
has  a  long  extension  between  the  lamp  bulb  and  the  opening 
in  the  tube  end.  This  tends  to  eliminate  all  stray  light, 
keeping  the  beam  to  a  small  diameter.    This  form  of  signaling 


.  2— Yah 
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)-Arm  Blinker  Light 


light  performs  its  duties  well  and  is  universally  used  in  naval 
service. 

The  only  fault  that  has  developed  in  its  use  is  a  minor  one 
which  may  be  easily  corrected.  When  used  on  a  small  boat 
forming  an  unsteady  platform,  such  as  a  destroyer  or  sub- 
marine chaser,  it  is  very  difficult  to  keep  the  blinker  directed  at 
the  desired  receiving  station  due  to  the  blinker  rolling  on  the 
rail.  A  rectangular  cross  section  of  blinker  or  a  ball  and  socket 
rest  on  the  rail  for  the  present  style  of  blinker  would  improve 
the  operation. 

(&)     The  YaTd-Arm  Blinker,  Fig.  2,  as  its  name  implies,  is  a 
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This  design  of  searchlight  lamp  has  many  inherent  fundamen- 
tal faults  that  may  be  easily  corrected.  Its  principal  fault  in 
operation  is  that  rarely  if  ever  is  the  crater  of  the  positive 
carbon  at  the  focal  point  of  the  reflector.  When  it  is  considered 
that  a  cross-wise  deviation  of  1/16  in.  of  the  crater  from  the 
focal  point  of  the  projector  will  give  a  beam  of  approximately 
double  the  width  and  one  quarter  the  intensity  of  a  standard 
searchlight  beam,  it  is  realized  how  important  it  is  to  maintain 
the  crater  of  the  positive  carbon  at  the  focal  point  of  the  reflector. 
Carbons  cannot  be  manufactured  commercially  to  give  the  exact 
burning  rates  specified,  but  vary  from  that  rate  as  much  as 
20  per  cent  in  each  direction  in  extreme  cases.  Specif ying  the 
burning  rate  of  carbons  is  a  distinct  handicap  to  a  carbon  manu- 
facturer tending  to  hinder  the  development  of  better  carbons. 

The  carbons  themselves  are  of  comparatively  large  diameter 
producing  an  arc  that  has  a  tendency  to  wander  over  the  face 
of  the  positive  crater,  resulting  in  an  unsteady  beam  and  a 
comparatively  cool,  low-intensity  source  of  light  for  the 
searchlight  beam.  The  intensity  of  a  searchlight  beam  varies 
with  the  temperature  of  the  positive  crater  which  makes  it 
desirable  to  have  a  carbon  current  density  which  will  give  the 
greatest  temperature  at  the  positive  crater.  Each  grade  of 
carbon  has  a  definite  boiling  temperature  and  an  increase  in 
current  density  beyond  that  necessary  to  produce  that  tem- 
perature only  causes  the  carbon  at  the  crater  to  boil  away 
faster  with  no  increase  in  crater  temperature.  An  ideal  con- 
dition, therefore,  is  to  use  a  carbon  with  the  highest  boiling 
point  and  a  current  density  that  will  just  produce  a  crater 
temperature  that  is  equal  to  the  boiling  i)oint  of  the  carbon. 

The  carbon  heads  themselves  are  not  rigidly  supported 
and  have  a  marked  play  in  all  directions.  This  play  is  so 
marked  that  the  rolling  of  the  ship  will  change  the  posi- 
tion of  the  carbons  in  the  searchlight  drum.  The  current 
is  fed  into  the  carbons  at  their  butt  ends  and  flows  through 
the  entire  length  of  the  carbon  to  the  arc.  This  tends  to  heat 
the  carbon  throughout  its  entire  length  which  often  causes 
it  to  spindle.  It  also  results  in  a  variable  arc  length,  for 
with  a  short  length  carbon  the  voltage  across  the  arc  is 
materially  greater  than  with  new  long  length  carbons. 

A  correctly  designed  lamp  mechanism  for  a  searchlight 
should  produce  the  longest  arc  length  possible  at  which  the 
arc  will  bum  steadily,  to  reduce  to  the  lowest  possible  value 
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small  craft  and  particularly  so  for  submarines.  A  small  9-in.  arc 
lamp  was  specially  developed  for  submarine  use,  but  its  lack 
of  portability,  attention  required  in  operation,  and  necessity 
for  frequent  recarboning  caused  it  to  give  way  to  the  incandes- 
cent searchlight.  An  important  factor  that  entered  into  this 
change  is  that  a  submarine  is  frequently  submerged  without 
there  being  sufficient  time  to  dismount  the  searchlight  and 
stow  it  below.  An  incandescent  searchlight  can  be  submerged 
without  permanent  damage,  while  an  arc  lamp  is  placed  out  of 
commission.  The  small  amount  of  care  required  for  the  incan- 
descent type  of  searchlight,  and  the  comparatively  long  life  of 
a  lamp  bulb  in  comparison  with  a  trim  of  carbons,  makes  a 
correctly  designed  light  of  this  type  ideal  for  use  on  small  craft 
with  limited  personnel. 

The  faults  in  the  present  type  of  light  have  been  demonstrated 
by  its  use  in  daylight  signaling.  At  the  present  time  the  cor- 
rectly designed  Aldis  light,  with  a  4  J  2-in.  mirror  and  40  watt 
lamp,  is  the  equal  in  signaling  power  to  the  larger  light  with  its 
11-in.  mirror  and  a  150-watt  lamp.  Considerable  adjustment  is 
permitted,  both  in  the  horizontal  and  vertical  planes  of  the 
12-in.  incandescent  light,  to  allow  for  variations  in  filament 
location  in  commercial  lamps,  and  to  permit  the  use  of  various 
size  lamp  bulbs.  Every  time  a  new  lamp  bulb  is  inserted  in  the 
projector,  the  operator  should  focus  the  projector  for  that 
particular  filament.  This  is  rarely,  if  ever  done,  and  in  service 
in  not  one  lamp  that  the  writer  has  inspected  has  the  lamp 
filament  been  at  the  focal  point  of  the  mirror.  In  the  majority 
of  cases  it  has  been  approximately  one  inch  out  of  focus  in  each 
plane.  Of  course  in  this  condition  the  mirror  is  of  no  value 
and  only  the  direct  rays  of  light  from  the  filament  reach  a  dis- 
tant observer. 

The  high-speed  concentrated  filament  lamp  bulb  specially  de- 
signed for  this  searchlight  is  almost  identical  in  appearance  to  a 
concentrated  filament  stereoptican  type  of  lamp  bulb  designed 
only  for  searchlight  work.  Long  life  being  desirable  in  the  latter 
type  of  lamp,  its  filament  cools  and  heats  very  slowly  and  it  can- 
not be  used  at  all  for  signaling  work.  Due  to  the  similarity  in 
appearance,  both  tjrpes  of  light  are  issued  indiscriminately  for 
the  12-in.  searchlight.  The  personnel,  not  realizing  that  there 
are  two  entirely  different  types  of  lamps  of  similar  appearance, 
condemn  them  both  and  use  a  commercial  Mazda  lamp  which 
happens  to  fit  the  same  socket,  but  in  which  no  part  of  the 
filament  comes  any  where  near  the  foeal  povtvt  of  the  mirror. 
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The  design  of  a  new  type  of  light  along  correct  fundamental 
lines,  is  contemplated  to  be  arranged  so  that  it  cannot  be  used 
incorrectly  by  naval  personnel.  The  same  type  and  size  of 
mirror  will  be  used  in  a  brass  non-corrosive  drum.  The 
lamp  socket  will  be  permanently  fixed  in  such  a  position  that 
when  a  150-watt,  high-speed  lamp  bulb  is  placed  in  it,  some 
part  of  the  filament  will  be  in  the  focal  point  of  the  mirror. 
The  ordinary  high-speed  150-watt  lamp  is  manufactured  with 
a  dimension  across  the  filament  of  approximately  }4  inch  so 
that  in  the  great  majority  of  cases  with  such  a  lamp,  some 
part  of  the  filament  will  be  in  the  focal  point  of  the  mirror, 
even  with  ordinary  commercial  limits  of  manufacture. 

To  eliminate  the  use  of  lamps  other  than  that  specially 
designed  for  this  class  of  work,  the  lamp  bulb  must  be  of  such 
design  that  no  other  lamp  can  be  used  in  the  socket.  One  way 
of  accomplishing  this  object  is  to  make  the  signaling  lamp  with 
a  bayonet  base.  Similar  precaution  will  have  to  be  taken  in 
a  12-in.  incandescent  searchlight  that  will  be  used  only  for 
searchlight  work  to  provide  only  for  the  use  of  a  concentrated- 
filament,  long-life,  stereoptican  light. 

Attempts  have  been  made  to  extend  the  use  of  the  incandes- 
cent searchlight  to  larger  sizes  such  as  18-  or  24-in.  using 
larger  wattage  lamps.  To  obtain  the  larger  lamp  capacity; 
the  filament  area  must  be  increased  with  the  result  that  the 
intrinsic  brilliancy  of  the  filament  remains  approximately  the 
same  and  there  is  practically  no  increase  in  light.  There  is  no 
attempt  being  made  at  the  present  time  to  increase  the  size  of 
the  incandescent  searchlight  beyond  the  12-in.  size. 

Low-Power  Arc  Lights 

The  number  of  sizes  of  low-power  arc  lamps  in  navy  service 
at  the  present  time  is  legion,  a  9-in.,  12-in.,  18-in.,  24-in,  30-in., 
36-in.  and  even  a  few  60-in.  are  used.  The  large  number  of 
sizes  is  a  natural  growth  during  a  long  period  of  years,  new 
sizes  having  been  developed  for  special  applications. 

The  9-in.  size  was  developed  specially  for  submarine  work 
and  is  practically  the  12-in.  size  of  lamp  with  a  few  nec- 
essary modifications  to  fit  it  to  the  smaller  drum.  It  has 
recently  been  superseded  for  submarine  use  by  the  12-in. 
incandescent  searchlight. 

The  12-in.  size  is  the  most  commonly  used  of  all  searchlights 
in  naval  service.     It  is  used  principally  for  long  range  dayli^t 
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signaling  on  all  naval  vessels  and  for  navigational  lights  on 
small  boats.  It  has  a  wide  field  of  usefulness  and  practically 
every  naval  ship  has  at  least  one  of  these  lights  as  part  of  its 
equipment. 

The  18-in.  searchlight  prior  to  the  present  war  was  used  only 
on  merchant  vessels.  Although  the  present  type  is  not  well 
constructed,  a  large  number  of  them  were  purchased  when  the 
United  States  entered  the  war  as  there  was  a  great  shortage  of 
searchlight  material  at  that  time,  and  a  large  number  of 
ships  to  be  equipped. 

The  24-in.  low-power  light  has  a  limited  application  for 
navigational  work  on  naval  vessels,  such  as  hospital  ships,  fuel 
ships  and  tenders  of  all  types  and  a  certain  field  for  long  range 
daylight  signaling. 

The  30  and  the  36-in.  low-power  searchlights  were  placed  on 
battleships  and  cruisers  prior  to  the  development  of  the  high- 
power  searchlight.  They  are  rapidly  being  replaced  by  high- 
intensity  lights  or  being  converted  into  high-intensity  lights 
and  will  shortly  be  obsolete  in  naval  service. 

It  would  be  of  great  advantage  in  the  future  to  use  only 
one  size  of  low-power  searchlight,  12  in.  or  18.  in.,  develop- 
ing a  searchlight  along  fundamentally  correct  lines  to  give  a 
far  greater  beam  candle  power  under  operating  conditions 
than  the  present  12-in.  light.  It  is  believed  that  a  new 
12-in.  light  can  be  developed  to  give  as  great  illumination 
on  the  target  as  the  present  24-in.  low-power  searchlight. 

All  sizes  of  low  power  searchlights  in  service  are  essentially 
the  same  in  design,  the  mechanism  differing  only  in  size.  A 
typical  mechanism  is  shown  in  Fig.  5.  The  positive  and  nega- 
tive heads  are  each  supported  on  a  separate  movable  carriage. 
The  carriages  are  separately  geared  to  a  motor  or  solenoid 
which  feeds  the  two  heads  together  at  a  predetermined  fixed 
rate,  which  is  supposed  to  cori-espond  to  the  burning  away  of 
the  carbons.  The  specifications  for  purchasing  carbons  call 
for  carbons  that  bum  at  fixed  rates  which,  combined  with 
proper  gearing  in  the  lamp  mechanism,  will  theoretically 
result  in  the  positive  crater  being  in  the  focal  point  of  the 
reflector  at  all  times.  The  arc  length  is  kept  fairly  constant  by 
a  balanced  type  of  feeding  mechanism  that  feeds  the  negative 
carbon  forwards  or  backwards  when  the  arc  voltage  is  higher 
or  lower  than  normal.  The  present  size  carbons  are  of  com- 
paratively large  diameter,  slow  burning  and  with  a  low  current 
density. 
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This  design  of  searchlight  lamp  has  many  inherent  fimdamen- 
tal  faults  that  may  be  easily  corrected.  Its  principal  fault  in 
operation  is  that  rarely  if  ever  is  the  crater  of  the  positive 
carbon  at  the  focal  point  of  the  reflector.  When  it  is  considered 
that  a  cross-wise  deviation  of  1/16  in.  of  the  crater  from  the 
focal  point  of  the  projector  will  give  a  beam  of  approximately 
double  the  width  and  one  quarter  the  intensity  of  a  standard 
searchlight  beam,  it  is  realized  how  important  it  is  to  maintain 
the  craterof  the  positive  carbon  at  the  focal  point  of  the  reflector. 
Carbons  cannot  be  manufactured  commercially  to  give  the  exact 
burning  rates  specified,  but  vary  from  that  rate  as  much  as 
20  per  cent  in  each  direction  in  extreme  cases.  Specifying  the 
burning  rate  of  carbons  is  a  distinct  handicap  to  a  carbon  manu- 
facturer tending  to  hinder  the  development  of  better  carbons. 

The  carbons  themselves  are  of  comparatively  large  diameter 
producing  an  arc  that  has  a  tendency  to  wander  over  the  face 
of  the  positive  crater,  resulting  in  an  unsteady  beam  and  a 
comparatively  cool,  low-intensity  source  of  light  for  the 
searchlight  beam.  The  intensity  of  a  searchlight  beam  varies 
with  the  temperature  of  the  positive  crater  which  makes  it 
desirable  to  have  a  carbon  current  density  which  will  ^ve  the 
greatest  temperature  at  the  positive  crater.  Each  grade  of 
carbon  has  a  definite  boiling  temperature  and  an  increase  in 
current  density  beyond  that  necessary  to  produce  that  tem- 
perature only  causes  the  carbon  at  the  crater  to  boil  away 
faster  with  no  increase  in  crater  temperature.  An  ideal  con- 
dition, therefore,  is  to  use  a  carbon  with  the  highest  boiling 
point  and  a  current  density  that  will  just  produce  a  crater 
temperature  that  is  equal  to  the  boiling  point  of  the  carbon. 

The  carbon  heads  themselves  are  not  ri^dly  supported 
and  have  a  marked  play  in  all  directions.  This  play  is  so 
marked  that  the  rolling  of  the  ship  will  change  the  posi- 
tion of  the  carbons  in  the  searchlight  drum.  The  current 
is  fed  into  the  carbons  at  their  butt  ends  and  flows  through 
the  entire  length  of  the  carbon  to  the  arc.  This  tends  to  heat 
the  carbon  throughout  its  entire  length  which  often  causes 
it  to  spindle.  It  also  results  in  a  variable  arc  length,  for 
with  a  short  length  carbon  the  voltage  across  the  arc  is 
materially  greater  than  with  new  long  length  carbons. 

A  correctly  designed  lamp  mechanism  for  a  searchlight 
should  produce  the  longest  arc  length  possible  at  which  the 
arc  will  bum  steadily,  to  reduce  to  the  lo7jes»\,  ^o^^^^  N^iioM^ 
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the  shadow  cast  on  the  muror  by  the  negative  carbon.  The 
appreciable  variation  in  arc  length  in  the  present  type  of  low- 
power  searchlight  results  in  the  negative  shadow  being  materi- 
ally greater  during  the  majority  of  the  burning  of  a  trim  of 
carbons  than  the  best  obtainable  condition. 

A  12-in.  low-power  searchlight  could  easily  be  designed 
to  overcome  the  faults  in  the  present  low-power  search- 
lights. Such  a  light  would  not  only  give  a  more  intense 
beam  than  the  present  12-in.  searchlight  under  laboratory  con- 
ditions, but  in  actual  service  its  more  exact  mechanism  would 
give  a  searchlight  beam  of  very  materially  more  power  than 
the  present  inexact  mechanism.  The  carbon  heads  in  the 
proposed  light  would  be  rigidly  fixed  in  position  with  absolutely 
no  play  nor  adjustment,  would  have  a  simple  automatic  control 
of  the  positive  crater  to  maintain  that  crater  in  the  focal  point 
of  the  reflector  at  all  times,  and  would  have  the  current  fed  into 
the  carbons  close  to  the  arc.  As  in  the  present  12-in.  search- 
light, the  arc  length  could  be  controlled  by  a  solenoid  feed.  A 
ground  glass  finder  should  be  provided  to  enable  an  operator 
to  check  the  position  of  the  positive  crater. 

The  automatic  control  of  the  positive  and  the  voltage  control 
of  the  arc  results  in  the  carbons  being  fed  independently  of  their 
burning  rates.  Accordingly,  if  improved  carbons  with  different 
burning  rates  are  developed  they  may  be  used  in  this  lamp 
with  practically  no  change  in  the  lamp  mechanism,  a  condition 
which  is  not  possible  in  the  present  type  of  lamp.  The  carbons 
would  be  manufactured  with  diameters  in  the  neighborhood  of 
one  half  the  present  size,  which  would  result  in  a  higher  temper- 
ature of  crater,  a  closer  approach  to  a  point  source  of  light  and 
a  smaller  negative  shadow  on  the  mirror.  These  carbons  should 
be  made  of  the  best  combination  of  materials  of  the  highest 
boiling  temperature  that  will  maintain  a  steady  arc.  These 
searchlights  should  be  equipped  with  a  Venetian  blind  signaling 
shutter  to  permit  their  being  used  for  daylight  signaling  as 
well  as  for  navigational  work.  Such  a  light  would  be  suitable 
for  daylight  signaling  and  navigational  work  on  battleships, 
cruisers,  auxiliary  ships,  destroyers,  seagoing  tugs,  transports; 
in  fact  for  all  naval  vessels  it  would  supersede  the  numerous 
sizes  of  low-power  searchlights  now  in  naval  service. 

The  change  would  be  of  advantage  both  to  the  manufac- 
turers and  to  the  navy.  The  manufacturers  will  have  to 
develop  and  keep  in  stock  but  one  set  of  tools  and  patterns  and 
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can  concentrate  on  the  improvement  and  development  of  that 

one  type  of  searchlight.    The  navy  will  benefit  by  having  to 

keep  a  stock  supply  of  only  one  size  of  low-power  searchlight, 

which  will  require  a  stock  supply  of  only  one  kind  of  spare 

parts  and  accessories  like  mirrors,  lamps,  rheostats,  switches, 

shutters,  etc. 

High-Power  Arc  Lights 

The  invention  of  the  high-intensity  arc  revolutionized  the 
searchlight  for  naval  use.  The  30-in.  and  36-in.  low-power 
searchlights  previously  used  had  a  maximum  range  of  approxi- 
mately 2000  yards  on  a  dark,  clear  night.  The  present  24-in. 
high-power  searchlight  has  a  range  of  approximately  4000 
yards  and  the  36-in.  high-power  searchlight  has  a  range  of 
approximately  7500  yards  under  similar  conditions.  It  is 
evident  that  the  the  low-power  lights  are  useless  in  gunnery 
work  with  modem,  broadside  defense  guns,  while  the  ranges  of 
the  high-power  lights  compare  very  favorably  with  those  guns. 

The  high-power  searchlight  swings  to  the  other  extreme 
from  the  low-power  searchlight  in  that  it  is  a  very  complicated 
exact  mechanism  with  a  large  number  of  intricate  parts  which 
are  designed  to  operate  automatically.  Its  success  depends 
on  the  so  called  high-intensity  phenomena  obtained  by  the  use 
of  carbons  with  impregnated  flame  cores  with  high  current 
densities^  and  arranged  at  an  angle  to  each  other.  The  material 
of  the  shell  of  the  carbon  is  of  hard  amorphous  carbon,  the  inside 
being  a  combination  of  special  mineral  salts  with  the  necessary 
flame  producing  ingredients.  At  the  beginning  the  core  bums 
more  rapidly  than  the  shell,  forming  a  deep  crater  which 
becomes  filled  with  the  flaming  gases  of  the  core.  The  com- 
bined effect  of  the  high  current  density  of  the  arc  and  the  angle 
of  the  negative  arc  stream  is  such  that  these  gases  are  im- 
prisoned for  a  short  period  in  the  positive  crater.  These 
gases  are  heated  to  incandescence  while  imprisoned  in  the 
crater,  and  give  a  light  that  is  far  in  excess  in  intrinsic  brilliancy 
of  that  given  off  from  the  solid  crater  walls.  This  increase  in 
intrinsic  brilliancy  of  the  source  of  light  for  the  searchlight 
results  in  the  superiority  in  range  of  the  high  power  searchlight. 

The  carbon  heads  are  rigidly  fixed  in  the  drum  with  mechan- 
isms included  in  those  heads  for  feeding  the  carbons.  Contacts 
placed  in  the  carbon  heads,  close  to  the  arc,  feed  current  in  and 
out  of  the  arc  circuit.  The  arc  length  is  kept  approximately 
constant  by  a  motor  feed  that  is  controlled  either  by  the  arc 
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voltage  or  by  arc  current  and  feeds  the  negative  carbon  eith«* 
backwards  or  forwards  to  maintain  constant  arc  conditions. 

The  positive  crater  is  kept  at  the  focal  point  by  automatic 
devices,  either  of  the  thermostatic  type  or  of  the  third  electrode 
type.  Two  of  the  companies  manufacturing  high  power 
searchlights  use  a  thermostatic  control  of 'the  positive  carbon 
while  the  other  uses  the  third  electrode  control.  In  the  thermo- 
static device,  light  from  the  positive  crater  is  reflected  by  an 
optical  arrangement  of  mirrors  and  lenses  to  thermostat  strips 
placed  in  a  box  on  the  outside  of  the  searchlight  (Fig.  6). 
When  the  positive  carbon  burns  back  slightly  from  the  focal 
point  of  the  mirror,  the  reflected  light  strikes  one  of  the  thermo- 
stat strips,  and  distorts  it  by  the  heat.  The  thermostat  strip 
in  distorting  closes  an  electric  circuit  which  causes  the  positive 
carbon  to  feed  forward.  When  it  is  fed  forward  to  the  focal 
point,  the  reflected  light  from  the  positive  crater  moves  off  the 
thermostat  strip  which  cools  instantly  and  opens  up  the  feeding 
motor  circuit. 

This  device  has  worked  well  in  naval  service  and  under  the 
best  conditions  of  operation  will  maintain  the  positive  crater 
at  the  focal  point  within  limits  of  1/32  inch,  plus  or  minus. 
The  present  thermostat  mechanism  is  mounted  on  the  outside 
of  the  drum  in  a  box  which  is  exposed  to  the  weather.  In 
every  case  in  which  the  writer  has  inspected  searchlights  that 
have  seen  service,  there  has  been  either  a  considerable  amount 
of  water  in  the  box  or  evidence  of  water  having  been  recently 
in  the  box.  Again,  the  searchlight  lamp  and  the  thermostat 
have  a  definite  relation  to  each  other  and  an  adjustment  of  one 
requires  a  separate  and  independent  adjustment  of  the  other. 
A  thermostat  placed  inside  the  searchlight  drum  and  secured 
to  the  lamp  standard  would  remedy  both  of  these  defects. 

The  third  electrode  scheme  for  controlling  the  positive 
crater  is  more  simple  and  substantial  than  the  thermostat  and 
operates  well  under  service  conditions.  This  device  (Fig.  7) 
consists  of  a  carbon  electrode  placed  above  and  at  right 
angles  to  the  positive  carbon  slightly  behind  the  crater.  When 
the  positive  crater  bums  back  from  the  focal  point,  the  flame 
of  the  arc  strikes  the  third  electrode  completing  an  electric 
circuit  of  which  the  conducting  flame  of  the  arc  forms  a  part. 
Current  flowing  in  this  circuit  causes  the  positive  carbon  to 
feed  forward.  When  the  crater  is  fed  to  the  focal  point  of  the 
reflector,  the  flame  clears  the  third  electrode  and  the  feeding 
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motor  circuit  is  broken.  This  type  of  positive  carbon  control 
has  the  advantage  of  being  placed  inside  the  searchlight  drum 
out  of  the  weather,  and  of  being  integral  with  the  positive 
head  requiring  no  separate  adjustments. 

The  first  type  of  third  electrode  developed  was  of  carbon  which 
required  renewal  every  three  trims  of  the  searchlight  carbons. 
There  has  since  been  developed  a  third  electrode  which  is  a 
copper  disk,  and  which  has  a  very  much  longer  life  than  the 
carbons.  In  operation,  a  coating  forms  on  this  copper  disk 
which  protects  the  copper  from  burning  and  prolongs  the  life 
of  the  disk. 

The  intense  heat  of  the  high-intensity  crater  and  the  large 
amount  of  smoke  and  fumes  emitted  from  the  flame  carbons 
make  it  imperative  to  have  forced  ventilation  of  the  carbonheads 
and  searchlight  drum.  An  early  type  of  high-power  searchlight 
used  the  comparatively  cool  vapor  of  an  alcohol  flame  to  cool 
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High  Power  Searchlight 


the  carbon  tips  and  the  drum  was  exhausted  by  a  fan  connected 
to  a  separate  motor.  The  cooling  of  the  high-intensity  search- 
li^t  was  later  improved  by  making  hollow  lamp  standards, 
jacketing  the  carbon  heads,  and  forcing  air  through  these 
chambers  and  out  through  an  outlet  at  the  top  of  the  search- 
light drum,  thus  doing  away  with  the  alcohol  flame  method  of 
cooling. 

In  the  first  high-power  searchlights  great  difficulty  was 
experienced  due  to  the  large  heat  absorption  and  unequal  heat- 
ing of  the  mirror  and  a  great  number  were  smashed  due  to  these 
causes.  This  condition  was  finally  remedied  by  efficient  cool- 
ing of  both  the  front  and  rear  of  the  mirror  by  a  current  of  air. 
The  ventilating  system  of  a  modem  high-power  searchlight, 
showing  the  paths  of  cooling  air  around  the  mirror,  is  shown  in 
Fig.  8.  The  heating  of  searchlight  mirrors  has  i>een  reduced 
during  the  past  year  by  the  development  of  a  tough  white 
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glass  of  pure  materials  which  has  approximately  one  per  cent 
heat  absorption  against  the  five  per  cent  absorption  of  the 
grade  of  glass  previously  used  for  mirrors. 

Three  typical  searchlights  developed  by  the  three  present 
manufacturers  of  high-power  searchlights  are  shown  in  Figs. 
9,  10  and  11.  An  inspection  of  these  illustrations  shows  the 
progress  in  development  of  these  exact  well  designed  mechan- 
isms over  the  less  refined,  inexact,  low-power  searchlights. 

The  36-in.  high-power  searchlight  is  the  largest  size  used  on 
shipboard  for  it  gives  a  range  comparable  to  the  largest  guns 
and  is  the  largest,  at  the  present  time,  that  will  withstand  the 
heavy  concussions  of  the  ships  gunfire.  It  is  only  very  recently 
that  the  searchlight  has  been  adapted  to  withstand  the  con- 
cussion of  the  gunfire  of  a  nearby  14-in.  gun.  Prior  to  this 
time  searchlights  were  equipped  with  glass  front  doors  made 
of  a  number  of  plate  glass  strips.  This  type  of  front  door  cut 
off  approximately  25  per  cent  of  the  searchlight  beam,  was  not 
watertight  and  would  smash  at  the  first  salvo  of  the  main 
battery.  The  success  of  the  ventilation  system  of  the  high- 
power  searchlight  depends  on  obtaining  air  through  a  duct  in 
the  bottom  of  the  drum  and  forcing  it  through  well  defined 
paths  and  out  through  an  exhaust  outlet  at  the  top  of  the  drum. 
This  scheme  of  ventilation  is  made  ineffective  when  the  front 
door  is  smashed  with  the  result  that  the  arc  flickers  and  the 
searchlight  parts  become  overheated  due  to  an  insufficient 
supply  of  cooling  air. 

The  smashing  of  the  front  door  strips  leaves  the  mirror 
unprotected  and  it  is  an  even  chance  that  the  mirror  will  smash 
at  the  next  salvo  from  the  main  battery.  It  is  common  prac- 
tise on  shipboard  to  dismantle  searchlights  equipped  with  plate 
glass  front  doors  before  a  target  practise,  and  stow  them  away 
in  a  safe  place. 

This  condition  has  been  remedied  by  the  use  of  a  front 
door  made  of  one  solid  piece  of  arch  shaped  glass  similar  in 
shape  to  the  parabolic  mirror.  This  type  of  door  has  given 
excellent  service  in  the  fleet  and  not  one  of  the  many  dome  glass 
doors  that  have  been  installed  on  navy  vessels  has  been  smashed 
during  target  practise.  .  This  type  of  door  cuts  down  the 
searchlight  beam  no  more  than  the  plate  glass  strips  and  makes 
the  searchlight  entirely  self-contained  and  waterproof. 

The  trend  of  future  development  of  the  high-power  search- 
light should  be  in  the  simplification  and  the  reduction  of  the 
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large  number  of  intricate  parts  on  the  present  searchlights.  A 
searchlight  must  necessarily  be  placed  in  a  position  exposed  to 
the  weather,  and  will  be  operated  by  enlisted  personnel.  It  is 
a  struggle  to  maintain  the  present  complicated  high-power 
searchlight  mechanisms  in  operating  condition  under  the  severe 
conditions  of  operation  on  smaller  boats  like  destroyers. 
After  a  few  days  at  sea  on  a  destroyer  in  rough  weather,  the 
present  high  power  searchlights  often  become  inoperative  and 
require  a  number  of  hours  overhaul  to  place  them  in  operating 
condition.  Such  a  searchlight  soon  loses  its  popularity  with 
destroyer  commanders  and  they  justly  complain  that  the  high- 
power  searchlight  is  more  suitable  for  laboratory  use  than  for 
destroyer  use. 

There  is  still  room  for  a  large  improvement  in  the  size  and 
material  of  carbon  electrodes  for  high-power  searchlights.  At 
the  present  time  a  carbon  is  used  which  has  a  hard  carbon  shell 
and  a  core  made  of  a  combination  of  flaming  materials.  This 
core  gives  off  gases  which  are  heated  to  incandescence  in  the 
arc  and  give  the  high  intrinsic  brilliancy  light  characteristic  of 
the  high-power  searchlight.  It  also  gives  off  a  very  brilliant 
flame  which  causes  a  correspondingly  brilliant  objectionable 
foreground  illumination  and  gives  off  gases  that  tend  to  blacken 
the  mirror  and  the  front  door. 

It  is  a  well  established  fact  that  the  color  and  intensity  of  a 
searchlight  beam  is  dependent  only  on  the  temperature  of  the 
source  of  light.  The  use  of  flame-colored  salts  in  the  electrode 
gives  a  high  temperature  but  also  burns  with  a  large  brilliant 
flame.  It  is  believed  that  a  proper  selection  of  carbon  ma- 
terials, perhaps  the  use  of  a  solid  electrode  of  a  very  refractory 
carbon  with  a  small  negative  carbon,  will  give  the  same  amount 
of  light  that  is  obtained  from  the  present  high-power  type  of 
carbons.  The  flame  from  a  combination  like  these  would  be 
practically  transparent  with  no  objectionable  foreground  il- 
lumination, the  objectionable  gases  would  be  eliminated  and 
the  present  type  of  very  special  carbon  electrodes  could  be  done 
away  with. 

The  star  shell  for  gunnery  work  is  also  a  factor  in  the  devel- 
opment of  high-power  searchlights  and  bids  fair  to  rival  the 
larger  high-power  searchlights  for  gunnery  work.  A  searchlight, 
unless  skilfully  and  carefully  manipulated,  is  more  of  a  debit 
than  a  credit  in  action  as  it  tends  to  give  an  enemy  a  definite 
point  at  which  to  aim.    A  star  shell  that  satisfactorily  illumi- 
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nates  the  target,  leaving  its  own  ship  in  darkness,  has  many 
decided  points  of  advantage  over  a  large  high-power  searchlight. 

However,  even  if  the  star  shell  gives  the  results  claimed  for  it, 
it  will  be  a  long  time  if  ever  before  naval  authorities  will  feel  safe 
in  removing  the  36-in.  high-power  searchlight  from  capital  ships. 
The  24-in.  high  power  searchlight  has  had  such  a  marked  suc- 
cess in  long  range  daylight  signaling  that  it  is  improbable  it 
will  ever  be  superseded  for  naval  use. 

The  use  of  the  dome  glass  door  for  36-in.  searchlights  opens 
up  a  field  for  the  use  of  larger  size  searchlights,  such  as  the 
44-in.  and  60-in.  sizes  for  capital  ships.  It  is  believed  if  those 
larger  sizes  are  ever  required  for  naval  service  they  can  be 
successfully  developed. 

In  closing  the  writer  wishes  to  express  appreciation  to  Major 
Howard  C.  Judson,  U.  S.  M.  C.  for  ideas  contributed  on  car- 
bon development. 
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Discussion  on  "The  Searchlight  in  the  U.  S.  Navy" 

(Kelly),  New  York,  N.  Y.,     December    12,    1919. 

Donald  McNicol:  Mr.  Kelly  says  that  a  special  tyi)e  of 
incandescent  lamp  is  used.  Is  the  novelty  of  the  lamp  in  the 
design  of  the  filament  or  the  material  of  the  filament? 

G.  A.  DeGraaf:  I  ask  Mr.  Kelly  whether  the  navy  has 
been  experimenting  with  the  all-metallic  reflector  for  the 
searchlight  mirror,  as  the  army  has  been  using  it.  I  think  it 
is  a  glass  mirror  which  has  been  used  in  the  searchlight  which 
is  apt  to  be  destroyed,  due  to  the  compression  of  the  heavy 
gunfire. 

M.  L.  Patterson:  Under  the  heading  of  "Low  power  arc 
lights"  the  author  of  this  paper  has  taken  up  the  discussion  of 
12-in.  low  power  searchlights,  as  more  or  less  typical  of  a  com- 
pleted line  of  low  power  searchlights.  It  is  fully  understood 
that  high  power  searchlights  are  superseding  the  low  power 
searchlight  at  24-in.  size  and  above.  I  do  not,  however, 
agree  with  the  author,  as  stated  in  paragraph  7,  that  there 
should  be  only  one  size  of  low  power  searchlight,  for  there  is 
a  large  field  of  usefulness  for  at  least  two  sizes,  preferably 
12  in.  and  18  in. 

In  paragraph  7  the  author  states  that  it  is  believed  that  a 
new  12-in.  light  can  be  developed  to  give  as  great  illumination 
on  the  target  as  the  present  24-in.  low  power  searchlight,  and 
I  wish  to  bring  out  a  few  facts  to  show  that  it  is  not  practicable 
to  accomplish  this  result.  The  current  and  the  arc  voltage 
of  the  two  sizes  referred  to  are  as  follows:  12-in.  is  20  amperes 
and  45  volts  across  the  arc.  24-in.  is  50  amperes  and  50  volts 
across  the  arc. 

Since  the  beam  candle  power  varies  as  the  area  of  the  mirror 
or  as  the  square  of  the  diameter  of  the  mirror,  other  conditions 
being  equal,  it  will  readily  be  seen  that  for  the  beam  of  a  12-in.' 
searchlight  to  equal  that  of  a  24-in.,  the  intrinsic  brilliancy  of 
the  crater  of  the  12-in.  must  be  at  least  four  times  that  of  the 
present  24-in.,  or  over  twelve  times  the  intrinsic  brilliancy  of 
the  present  12-in.  light.  I  hesitate  to  quote  beam  candle 
figures  as  data  obtained  by  observers  under  various  atmos- 
pheric and  operating  conditions,  show  such  a  wide  divergence 
that  any  figures  on  beam  candle  power,  unless  accompanied  by 
a  statement  of  the  conditions  under  which  they  were  obtained 
would  be  valueless.  Nearly  all  observers,  however,  agree  as 
to  the  relative  intensity  of  various  sizes  of  searchlights,  and 
it  can,  therefore,  be  stated  that  the  beam  candle  power  of  the 
24-in.  high  power  searchlight  is  approximately  four  times  that 
of  a  24-in.  low  power  searchlight.  From  this  it  is  evident  that 
for  the  beam  of  a  12-in.  low  power  searchlight  to  equal  that 
of  a  24-in.,  it  would  be  necessary  to  use  a  75-ampere  high  power 
arc  in  front  of  the  12-in.  mirror,  and  it  is  our  experience  that 
it  would  be  utterly  impossible  to  do  this  as  no  glass  mirror  at 

present  manufactured  would  stand^the  intense  heat  of  a 
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75-ampere  arc  within  6  in.  of  the  mirror,  6  in.  being  the  focus 
length  of  the  12-in.  mirror. 

It  should  further  be  noted  that  an  increase  in  current  or  an 
increase  in  size  of  the  i)ositive  crater  may  not  increase  the 
beam  candle  power  to  any  appreciable  extent.  It  may  sound 
paradoxical,  but  it  is  a  fact  nevertheless  that  the  beam  of  a  60-in. 
searchlight  is  smaller  than  a  beam  of  the  24-in.  at  or  beyond 
500  yards  from  the  searchlight.  This  is  due  to  the  fact  tiiat 
the  size  of  the  positive  crater  of  a  24-in.  relative  to  the  size 
of  the  mirror  is  greater  than  in  the  60-in.  searchlight.  This 
would  be  true  to  a  greater  extent  with  the  12-in.  searchli^t, 
especially  if  an  attempt  is  made  to  materially  increase  the 
power.  The  extra  candle  power  would  go  into  besun  spread 
rather  than  materially  increase  the  foot  candle  illumination 
on  the  target. 

It  is  evident  from  this  paper  that- the  author  favors  the 
design  of  the  12-in.  searchlight  which  will  be  entirely  auto- 
matic and  have  fixed  positive  heads.  If  this  were  carried  put, 
it  would  be  necessary,  of  course,  to  have  brushes  for  leading 
the  current  to  the  carbon,  which  would  materially  increase  the 
size  of  the  carbon  holder.  This  construction  would  also  re- 
quire a  mechanism  for  advancing  the  carbon  through  the 
brushes  and  would  require  considerable  more  power  than  is 
now  required  to  move  the  carriages  holding  the  positive  and 
negative  columns. 

In  reference  to  the  current  being  fed  in  at  the  butt  ends  of 
the  carbons,  as  referred  to  in  paragraph  11,  it  has  been  our 
experience  that  there  is  very  little  tendency  for  the  carbons  of 
a  12-in.  arc  to  spindle  when  operating  under  normal  current. 
The  current  density  in  these  carbons,  as  referred  to  in  the  last 
line  of  paragraph  8,  is  very  low.  As  regards  the  variation  in 
arc  length,  it  may  be  stated  that  the  amount  of  carbon  con- 
sumed per  trim  is  from  4  in.  to  5  in.  and  the  drop  in  this  length 
of  carbon  with  the  low  current  density  as  used  in  these  search- 
lights will  be  the  only  variation  in  arc  voltage  (and  length). 
This  variation  is  less  than  the  variation  in  voltage  required  to 
operate  the  present  feeding  mechanism.  This  is,  the  varia- 
tion in  arc  length  due  to  the  range  in  feeding  mechanism  is 
greater  than  the  variation  due  to  the  drop  in  the  carbons. 

The  very  reason  that  the  12-in.  low  power  searchlight  has 
had  such  extensive  use,  as  referred  to  by  the  author  in  para- 
graph 3,  is  due  to  its  simplicity  and  inexpensive  design,  and 
while  there  is  no  doubt  considerable  improvement  that  can  be 
made  in  the  design  without  materially  increasing  the  compli- 
cation of  the  mechanism,  it  would  be  a  mistake  to  carry  this 
design  to  the  extent  of  a  completely  automatic  low  intensity 
mechanism.  For  automatic  control  it  would  require  fixed 
heads,  feeding  mechanism  for  advancing  the  carbons  through 
the  heads,  a  thermostatic  or  third  electric  control  of  positive 
crater,  and  ground  glass  finder,  and  with  all  this  added  compU- 
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cation,  many  of  the  advantages  of  the  12-in.  low  power  search- 
light would  be  lost. 

Another  point  that  should  be  noted  is  that  with  the  present 
type  of  carbon  holder,  only  short  length  carbon  is  wasted, 
whereas  if  fixed  positive  heads  are  used  there  will  be  a  consider- 
ably greater  length  of  wasted  carbon  per  trim. 

In  paragraph  12,  it  is  stated  that  it  is  quite  essential  to  keep 
the  size  of  the  negative  shadow  at  a  minimum,  and  in  this 
connection  it  should  be  noted  that  a  change  of  negative  carbon 
holder  to  a  fixed  negative  head  with  feeding  mechanism  would 
necessarily  increase  the  size  of  the  negative  shadow. 

Under  the  heading  of  high  power  arc  lights,  the  writer  in 
the  first  paragraph  has  made  a  comparison  in  the  ranges  of 
the  various  searchlights,  and  gives  these  ranges  in  a  definite 
number  of  yards.  A  statement  of  range  without  giving  the 
illumination  at  the  target  or  the  kind  of  target  that  would  be 
visible  at  a  certain  range,  is  meaningless. 

In  paragraph  4,  under  "high  power  searchlights,"  it  is 
stated  that  two  of  the  companies  manufacturing  high  power 
searchlights  use  thermostatic  control  of  the  positive  carbon, 
while  the  other  uses  the  third  electrode.  In  this  connection 
it  may  be  stated  that  at  least  one  company  manufacturing 
high  power  searchlights  uses  both  the  third  electrode  control 
and  the  thermostatic  control.  The  third  electrode  feed 
being  used  where  it  is  not  essential  to  keep  the  positive  crater 
in  exact  focus  and  the^thermostatic  feed  used  where  more 
accurate  control  of  the  positive  crater  is  required,  as  for 
United  States  Army  and  Navy  uses. 

E.  J.  Murphy :  With  reference  to  the  high  powered  search- 
light, I  note  that  the  paper*  of  C.  S.  McDowell  has  been 
quoted  and  there  is  no  doubt  that  the  type  of  light  described 
in  Mr.  McDowell's  paper  has  revolutionized  searchlight  practise 
especially  for  Naval  use.  Since  the  advent  of  this  new  light, 
the  necessity  of  using  the  beam  at  high  angles  for  defence  against 
hostile  air  planes  made  it  n^essary  to  abandon  the  alcohol 
flame,  otherwise  the  light  has  remained  practically  as  originally 
designed.    The  principles  involved  have  remained  unchanged. 

I  would  like  to  refer  to  the  thermostat  control  mechanism 
in  Mr.  Kelly's  paper,  I  note  that  he  states  that  this  device 
will  hold  the  positive  crater  at  the  focal  point  of  the  mirror 
within  one- thirty-second  of  an  inch,  plus  or  minus.  He  does 
not  state,  however,  how  close  the  third  electrode  scheme  will 
hold  the  positive  crater,  and  it  might  be  interesting  to  find 
how  accurately  this  method  of  control  functions. 

With  reference  to  the  ventilation,  I  see  Fig.  8  shows  a  pressure 
system  of  ventilation.  It  might  be  interesting  to  note  that 
two  types  of  ventilation  have  been  evolved,  one  the  vacuum 
type,  the  other  the  pressure  type,  and  on  page  1618  he  states 
that  the  ventilation  will  be  destroyed  in  case  the  front  door  is 

♦Trans.  A.  I.  E.  E.,  1915,  Vol.  I,  p.  263. 
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broken.  The  company  I  am  connected  with  has  tried  out  both 
of  these  systems,  and  tests  have  been  made  resulting  in  our 
discarding  the  vacuum  system  on  account  of  certain  advantages 
of  the  pressure  system.  The  pressure  system  enabled  us  to  use 
the  fan  motor  for  driving  the  mechanism  of  the  searchlight  it- 
self, thus  eliminating  any  additional  motor. 

There  is  another  thing  which  we  actually  tried  out,  and  that 
is  the  effect  of  wind  against  the  front  of  the  searchlight  with 
a  broken  door.  We  noted  that  with  the  vacuum  system,  the 
arc  very  frequently  was  ruptured,  making  the  light  practically 
useless,  whereas  with  the  pressure  system,  the  pressure  inside 
of  the  drum  acted  against  the  wind,  and  the  light  was  operative 
in  a  thirty  mile  wind ;  under  the  same  conditions  the  light  with 
the  vacuum  system  was  practically  useless. 

As  far  as  the  dome  glass  door  is  concerned,  I  understand  there 
is  still  some  question  as  to  its  practicability,  on  account  of 
refraction  of  light,  etc. 

I  note  that  certain  illustrations  show  a  thermostat  box  and 
the  paper  mentions  that  this  box  is  not  watertight.  This 
thermostat  box  is  part  of  the  searchlight  with  which  I  am 
familiar.  I  may  say  that  this  searchlight  was  developed 
under  stress  of  war  conditions,  and  it  was  necessary  to  de- 
velop the  design  in  the  shortest  possible  time;  we  did  not  pro- 
vide gaskets  for  this  particular  box,  but,  notwithstanding  this 
omission,  I  have  not  found  a  single  case  where  water  rendered 
these  searchlights  inoperative.  In  fact,  I  am  aware  that  a 
great  many  of  these  searchlights  have  been  at  least  once  across 
the  Atlantic,  under  heavy  weather  conditions,  and  in  no  case 
was  the  searchlight  inoperative.  Under  war  conditions,  the 
personnel  was  not  always  acquainted  with  new  apparatus  such 
as  the  thermostat  control  and  had  not  been  previously  in- 
structed in  the  operation  of  this  new  searchlight.  I  have  seen 
reports  on  at  least  fourteen  of  these  lights,  all  of  which  had 
been  subjected  to  heavy  weather  conditions,  in  no  case  did  any 
light  actually  fail  in  service.       • 

These  lights  were  developed  for  use  on  destroyers  under 
stress  of  war  conditions  and  over  300  were  delivered  to  the 
Navy  before  the  armistice  was  signed,  we  kept  ahead  of  the 
destroyer  program,  and  this  was  extremely  important,  as  we 
all  know,  on  account  of  the  submarine  menace. 

On  the  next  to  the  last  page  of  Mr.  Kelly's  paper  there  is 
mention  as  to  whether  the  searchlights  are  really  useful  at  sea. 
There  has  been  some  doubt  of  their  value  in  the  past,  but 
reports  from  Admirals  Beatty  and  Jellicoe,  of  the  British 
showed  that  the  Germans  had  superior  equipment,  and  the 
British  avoided  battle  at  night — that  is  because  the  Germans 
had  developed  tactics  that  enabled  them,  when  a  hostile  ship 
was  observed  to  open  the  searchlight  shutters  with  the  light 
already  directed  on  the  target.  This  was  possible  due  to  highly 
developed  fire  control  system,  which  is  being  now  installed  in 
our  own  ships  and  hsis  already  been  adopted  by  the  British 
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Navy.  With  this  system  the  light  is  only  shown  long  enough 
to  fire  a  single  salvo  and  not  long  enough  to  make  a  target  of 
the  vessel.  There  is  at  present  no  doubt  that  in  naval  practise, 
searchlights  are  absolutely  necessary  for  night  fighting. 

J.  C.  Ledbetter:  I  am  very  much  interested  in  the  high 
intensity  light,  and  I  want  to  know  whether  a  light  of  such 
brilliancy  and  such  marvelous  performance  could  possibly  be 
used  in  some  commercial  way.  Could  not  a  light  of  this 
character  be  used  in  stage  lighting,  or  flood  lighting,  or  in  some 
spectacular  way,  such  as  street  light  and  advertising  lighting  in 
such  places  as  Times  Square.  It  might  be  that  large  business 
concerns  would  have  use  for  a  light  of  this  character. 

R.  A.  Beekman:  I  wish  to  point  out  one  feature  with 
regard  to  the  difference  between  the  third  electrode  and  the 
thermostatic  control.  The  principle  object,  of  course,  of  both 
of  them  is  to  maintain  the  crater  in  the  focus  of  the  mirror. 
The  mirror  is  mounted  rigidly  in  the  drum  of  the  searchlight, 
and  hence  the  logical  thing^  is  to  have  the  device,  controlling 
its  position,  mounted  on  the  drum  of  the  searchlight,  which 
is  the  form  used  with  the  thermostat  in  the  past.  It  is  now 
proposed  to  mount  the  thermostat  on  the  lamp,  as  is  done  with 
the  third  electrode,  and  this  does  not  provide  a  rigid  coupling 
between  the  position  of  the  positive  crater  and  tifie  focus,  as 
is  the  case  when  the  thermostat  is  mounted  on  the  drum. 

B.  P.  Beehler:  (Read  by  R.A.  Beekman).  I  desh^to  call 
attention  to  the  following  points  in  Mr.  Kelly's  paper: 

Paragraph  1.  The  range  of  a  24-in.  high  power  light  is 
at  best  3000  yds. 

Paragraph  2,  5th  sentence.  The  current  density  has  no 
connection  whatever  in  the  formation  of  the  gas  crater  or 
holding  the  gas.  This  feature  is  entirely  controlled  by  the 
direction  of  the  arc  stream.  The  high  current  density  of  the 
positive  electrode  may  be  maintained  without  an  arc  stream 
or  gas  ball  formation. 

Paragraph  4,  last  sentence.  The  feeding  of  the  positive 
carbon  in  lamp  operation  is  without  exception,  where  auto- 
matically controlled,  accomplished  by  independent  solenoid 
or  magnet  operation. 

Paragraph  7,  last  sentence.  The  formation  of  scale  or  oxi- 
dation of  metallic  third  electrode  does  not  increase  its  life. 
The  prevailing  feature  permitting  of  the  use  of  a  metal  third 
electrode  is  the  fact  that  the  temperature  of  flame  directly 
back  of  the  crater  is  below  the  melting  point  of  the  copper. 
The  metallic  electrode  or  any  type  of  this  control  has  proved 
unsatisfactory  for  any  arc  of  over  75  amperes.  This  75-ampere 
arc  is  not  a  true  gas  arc  and  therefore  the  maximum  tempera- 
tures are  considerably  lower  than  high  current  arcs.  The 
use  of  metallic  third  electrode  has  been  disapproved  by  the 
U.  S.  Navy  for  all  arcs  over  75  amperes. 
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Paragraph  8,  second  and  third  sentence.  The  object  of  al- 
cohol in  the  high  power  arc  is  not  to  cool  but  to  surround  the 
electrodes  with  an  oxygen  insulator,  thus  preventing  tapering 
of  electrodes  from  air  burning  and  enabling  the  burning  of  the 
electrode  with  its  tip  far  removed  from  metallic  positive  head 
and  still  maintain  the  crater  at  electrode  diameter. 

The  cooling  by  air,  later  developed,  is  merely  cooling  of  the 
metal,  allowing  the  use  of  a  metal  head  projecting  over  the 
electrode  nearly  to  its  tip,  which  metal  insulates  the  electrode 
from  atmospheric  oxygen  and  thus  eliminating  the  necessity 
of  the  alcohol.  The  air  cooling  also  allows  of  use  of  less  metal 
in  heads,  thus  cutting  down  mirror  shadows  and  beam  holes. 
The  high  power  lamp  using  alcohol  on  the  electrode  had  very 
large  and  heavy  heads,  the  cooling  of  which  was  accomplished 
by  radiation. 

Paragraph  11,  4th  sentence.  The  absorption  of  strip  glass 
in  the  front  door  did  not  exceed  15  per  cent  and  averaged 
about  10  per  cent  absorption  of  light. 

pr;Paragraph  13.  The  dome  front  doors  of  the  present  para- 
bolic and  spherical  types  have  proven  inefficient.  Their  dis- 
advantage is  that  they  not  only  absorb  about  15  per  cent  of  light 
but  they  actually  disperse  about  15  per  cent  of  light,  throwing 
this  light  on  the  foreground,  changing  beam  formation  by  virtue 
of  the  above  fact  and  blind  the  observer  by  making  a  field  of 
stray  light  through  which  he  must  look  to  see  the  target 

Paragraph  15.  It  has  been  found  that  the  present  sizes  of 
electrodes  are  probably  the  proper  proportions  to  give  best 
service.  A  rise  in  current  density,  at  present  about  1.65 
amperes  per  sq.  mm.  will  only  add  to  flame  and  increase  car- 
bon consumption,  while  reducing  the  density  by  increasing  the 
electrode  size  will  cause  loss  of  intensity. 

Paragraph  16.  It  has  not  yet  been  established  conclusively 
that  the  intensity  of  the  high  power  arc  is  a  factor  of  tempera- 
ture. A  theory  of  fluorescence  of  the  gas  ball  has  presented 
itself  indicating  that  the  supposed  black  body  radiation  of  the 
arc  is  not  a  fact,  but  that  a  composite  effect  of  black  body 
radiation  and  fluorescence  tend  to  give  spectrum  characteristics 
which  are  misleading,  and  indicate  temperatures  far  in  excess 
of  those  actually  present. 

It  has  been  found  that  the  use  of  solid  electrodes  will  not 
under  any  condition  of  burning  give  a  light  equal  in  intensity 
or  visibility  to  that  of  the  high  power  arc.  Solid  electrodes 
have  a  critical  temperature  at  best  of  3300  deg.  cent,  and  will 
not  produce  the  gas  ball  phenomena  as  in  the  special  cored 
electrode.  It  has  been  practically  impossible  to  date  to  oper- 
ate a  solid  electrode  efficiently  at  a  current  density  in  excess 
of  0.66  amperes  per  sq.  m.m.  whereas  the  high  power  posi- 
tive operates  at  a  current  density  of  1.65  amperes  success- 
fully and  eflBciently. 
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Chester  Lichtenberg:  The  Chief  of  Engineers,  who  is 
responsible  for  Army  searchlights,  has  read  Mr.  Kelly's  paper 
with  considerable  interest.  He  noted  that  no  mention  was 
made  of  mobile  searchlights,  although  this  variety  had  under- 
gone a  remarkable  development  during  1918  and  1919.  He 
thought  that  the  members  of  the  Institute  might  be  interested 
in  seeing  photographic  reproductions  of  some  of  the  more 
prominent  recent  developments  of  mobile  searchlight  equip- 
ment, and  he  has  authorized  the  presentation  of  certain  repre- 
sentative views. 

The  mobile  Army  of  the  United  States  was  equipped  in  1917 
with  only  a  few  portable  searchlights.  These  were  of  two 
varieties.  One  is  shown  in  Fig.  1.  It  consists  essentially 
of  a  36-in.  medium  intensity  searchlight  mounted  on  an  ex- 
tensible tower,  which  is  in  turn  mounted  on  a  3  3^-ton  motor 
truck.  The  power  unit  is  a  15-kw.,  125-volt  gasoline-electric 
set,  mounted  on  a  duplicate  3H-ton  truck.  Eight  of  these 
outfits  were  part  of  the  engineer  train  equipments.  They  were 
used  during  the  1917  campaign  on  the  Mexican  border.  They 
were  not  considered  sufficiently  mobile  to  accompany  some  of 
the  army  units.  As  a  result,  a  horse  drawn  equipment  was 
developed.  This  consists  essentially  of  a  24  in.  high  intensity 
arc  searchlight  placed  on  mast  or  tower  extensible  to  16  feet 
above  the  ground.  The  searchlight  and  tower  are  mounted 
on  a  caisson.  The  energy  is  supplied  by  a  5-kw.,  65-volt 
gasoline-electric  set  mounted  on  a  limber.  Eight  of  these 
units  accompanied  the  first  engineer  train  which  left  the 
United  States  for  France  on  August  2,  1917. 

Experience  in  France  indicate  that  neither  of  the  mobile 
searchlight  units  which  formed  part  of  the  equipment  of  the 
Army  at  the  outbreak  of  hostilities  was  suited  for  operation 
along  the  Western  Front.  The  searchlights  on  masts  were 
particularly  unsuited  since,  if  they  remained  lit  more  than  30 
seconds  within  the  zone  of  the  advance,  they  were  demolished 
by  enemy  shells.  This  was  due  to  the  extreme  accuracy  of 
the  range  finding  equipment  of  the  German  armies  and  the 
rapid  responsivity  and  excellent  coordination  of  their  artillery 
fire.  A  survey  station  indicated  that  high-power  search- 
lights on  small  mobile  mounts,  which  could  be  quickly 
emplaced,  were  desirable.  Specifications  for  these  were  sent 
to  the  United  States  late  in  1917. 

The  first  attempt  to  meet  the  specifications  of  the  A.  E.  F.  is 
shown  in  Fig.  2.  This  is  essentially  the  standard  36-in.  size 
seacoast  searchlight,  with  a  new  design  of  trunnion  arms  and 
with  a  wheeled  carriage.  It  utilized  existing  tool  equipment 
so  far  as  this  was  practicable,  at  the  same  time  reduced  the 
weight  of  the  searchlight  about  50  per  cent,  and  greatly  in- 
creased its  mobility.  About  36  of  these  searchlights  were  in 
use  in  the  1st  and  2nd  American  Field  Armies  at  the  time  the 
armistice  was  signed.  They  were  supplied  with  power  from 
various  kinds  of  power  plants.    Some  were  supplied  by  French 


1628  SEARCHLIGHT  [Deo.  12 

17-kw.  sets  of  various  makes,  some  by  Riker  trucks,  the  engines 
of  which  were  equipped  with  12-kw.  generators  and  some  with 
Mack  trucks,  the  engines  of  which  were  equipped  with  15-kw. 
generators. 

A.  E.  F.  experience  indicated,  however,  that  36-in.  search- 
lights were  not  quite  powerful  enough.  New  specifications 
called  for  60-in.  portable  or  semi-portable  searchlights.  To 
meet  this  demand,  the  design  shown  in  Fig.  3  was  developed. 
It  consists  essentially  of  the  standard  seacoast  searchlight 
equipment  placed  on  trailers.  On  the  left  is  shown  a  60-in. 
stationary  type  high  intensity  arc  searchlight  with  its  cable 
reel,  rheostat,  etc.  On  the  right  is  shown  a  stationary  25-kw. 
115-volt  gasoline-electric  set  with  its  radiator,  muffler,  spare 
gasoline  tanks  and  auxiliaries.  This  equipment,  although 
mobile,  was  quite  heavy  and  could  only  be  moved  at  relatively 
low  speeds.  It  was  large  in  size  and  difficult  to  entrench. 
Only  a  few  of  these  units  were  ordered  to  fill  in  the  gap  until 
more  mobile  equipments  could  be  provided.  Meantime  large 
quantities  of  60-in.  coast  defense  searchlights,  Fig.  4,  and  their 
generating  equipments  were  shipped  to  France  and  placed  in 
active  service.  One  of  these  is  shown  in  Fig.  5,  with  its  em- 
placement and  3-meter  sound  detecting  paraboloid.  It  is  an 
installation  by  the  56th  U.  S.  Engineers  in  the  St.  Mihiel 
Sector. 

Fig.  6  shows  one  of  the  early  attempts  at  making  a  very  light 
weight,  extremely  mobile  60-in.  high-intensity  arc  drum-type 
searchlight.  It  weighs,  complete,  about  2500  lb.  Before  it 
was  completely  developed,  however,  the  design  had  been  super- 
seded by  the  open-type  which  was  suggested  in  the  spring  of 
1918  by  Major  R.  W.  Lewis,  the  representative  in  the  United 
States  of  the  A.  E.  F.  Searchlight  Regiment,  the  56th  U.  S. 
Engineers. 

The  original  open-type  searchlight,  made  in  accordance  with 
Major  Lewis'  suggestions  is  shown  in  Fig.  7.  It  was  made  up 
at  Ellington  Field,  Texas  by  a  detachment  of  the  56th  U.  S. 
Engineers.  They  took  the  mirror  and  back  door  from  a  36-in. 
standard  Navy  searchlight  and  supported  it  in  rude  trunnions 
and  trunnion  arms.  It  was  arranged  to  be  rotatable  about  a 
horizontal  axis  only.  In  front  of  the  mirror  was  placed  the 
automatic  high-intensity  arc  mechanism,  usually  placed  in 
the  barrel  of  a  36-in.  searchlight.  The  carbons  and  the  upper 
part  of  the  mechanism  were  enclosed  in  a  tin  can,  which  was 
mtended  to  restrict  stray  light  and  to  protect  the  arc  from  wind. 
The  searchlight  was  operated  for  several  weeks  and  proved 
unusually  efficient.  It  had  one  very  important  characteristic. 
It  had  a  very  clearly  defined  beam,  with  a  minimum  of  stray 
light.  This  was,  no  doubt,  due  to  the  fact  that  there  was  no 
barrel  and  so  there  were  no  reflections  from  the  interior. 
Beside,  it  had  no  front  glass  so  that  there  was  no  dispersion. 

The  open-type  searchlight  seemed  to  be  such  a  feasible  pro- 
position  that  negotiations  were  immediately  opened  with 
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several  large  searchlight  manufacturers  to  produce  commer- 
cial designs.  Several  months'  effort  was  expended  and,  as  a 
result,  a  very  light  weight,  60-in.  open-type  searchlight  was 
produced.  One  of  the  highly  developed  designs  is  shown  in 
Fig.  8.  It  weighs  complete  1200  lb.  It  can  be  provided  with 
either  medium  intensity  or  high  intensity  arc  mechanisms. 
It  has  been  operated  in  all  kinds  of  weather  and  in  the  ordinary 
winds  where  aircraft  can  travel.  It  has  proven  unusually 
successful.  It  weighs  about  one-fifth  as  much  as  the  old 
60-in.  searchlights  and  is  just  as  efficient.  Besides,  it  has  no 
complicated  mechanism  and  is  very  easily  operated  by  par- 
tially skilled  personnel.  The  running  gear  can  be  easily  de- 
moxmted  from  it,  as  shown  in  Fig.  9.  This  makes  it  a  simple 
matter  to  emplace.  The  mechanism  also  is  exceedingly  simple. 
A  medium  intensity  design  is  shown  in  Fig.  10.  It  consists 
of  relatively  few  parts  which  are  strong,  as  shown  in  Fig.  11. 
The  result  has  been  a  simplified,  very  light  weight  and  mobile 
searchlight,  which  is  easy  to  move  and  emplace  and  which  can 
be  operated  by  a  minimum  number  of  partially  skilled  in- 
dividuals and  yet  be  just  as  effective  as  the  very  heavy,  com- 
plicated searchli^ts  previously  standardized  for  certain  classes 
of  service.  Besides  it  is  easy  to  manufacture  and  takes  pre- 
viously   standardized    mirrors    and    carbons. 

Another  form  of  light  weight,  open-type  searchlight  is 
shown  in  Fig.  12.  It  was  developed  essentially  for  extremely 
mobile  service  where  light  weight  is  essential.  It  weighs 
225  lb.  as  shown.  It  has  a  150-ampere  high-intensity  arc 
mechanism,  which  is  hand  fed.  It  has  a  30-in.  glass  mirror. 
It  gives  fully  as  good  service  up  to  14,000-ft.  range  as  do  the 
60-in.  designs.  However,  it  is  not  nearly  so  good  beyond 
14,000  ft.  on  account  of  the  wide  spread  of  its  beam. 

The  advent  of  very  mobile  searchlights  brought  with  it  the 
need  for  mobile  searchlight  power  units.  One  of  the  early 
designs  is  shown  in  Fig.  1.  This  was  successful  but  not  en- 
tirely satisfactory.  Another  of  the  early  designs  is  shown  in 
Fig.  3.  This  unit  was  not  self-propelled  and  besides  could 
only  be  moved  at  low  speeds  and  then  not  readily.  To  meet 
the  situation,  a  standard  Engineer  Department  Mack  5H-ton 
cargo  truck  was  modified  by  the  addition  of  certain  electrical 
auxiliaries.  A  generator  was  mounted  on  an  extension  of  the 
crank  shaft.  A  switchboard  was  placed  under  the  body. 
Rheostats  were  located  on  the  chassis.  A  cable  reel  was 
mounted  in  the  front  of  the  cargo  space.  A  wheeled  barrel 
36-in.  searchlight  was  placed  in  the  back  of  the  cargo  space. 
The  result  was  a  complete  and  mobile  searchlight  unit  which 
could  be  run  over  practically  all  ordinary  roads  at  speeds  up 
to  12  miles  per  hour  and  which  could  operate  an  automatic 
high  intensity  arc  searchlight  practically  continuously.  It  is 
shown  with  covers  removed  in  Fig.  13.  About  thirty  of  these 
units  were  used  by  the  1st  and  2nd  Field  Armies  of  the  A.  E.  F, 
prior  to  the  Armistice. 
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The  development  ot  the  open-type  searchlight  reduced  the 
wdght  of  ttie  searchlight  from  about  7000  lb.  to  about  1200 
lb.    This  pennitted  a  very  much  lighter  weight  power  unit 
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to  be  employed.  The  situation  was  surveyed,  and,  based  on 
careful  studies,  the  power  unit  shown  in  Fig.  14  was  developed. 
It  consists  essentially  of  a  standard  Cadillac  ambulance  chassis 
with  a  21-kw.  G.  E.  generator,    mounted,  on  tiie  propeller 
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shaft  between  the  transmission  and  the  differential,  as  shown 
in  Fig.  15.  Mounted  on  this  chassis  is  a  special,  very  light 
weight  body  which  has  ramps  for  carrying  the  searchlight,  as 
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shown  in  Rg.  16.  The  entire  equipment  was  conceived,  de- 
signed and  built  in  four  months  and  was  delivered  and  in  opera' 
tion  wiUi  the  2nd  American  Field  Army  in  October  1918.  The 
complete  equipment  weighs  9000  lb.  It  has  an  intermittent 
output  of  21  Kw.  It  carries  a  60-in,  open-type  Searchlight, 
provided  with  both  medium  intensity  and  high  intensity  arc 
mechanisms  and  a  crew  of  five  men,  with  all  the  necessary 


auxiliaries  for  operation, in  the  field.  Another  is  shown  in 
Fig.  17  operating  an  opeii-type  searchlight  in  the  2nd  A.  E.  F. 
Army  sector. 

The  success  of  this  combined  design  of  mobile  power  unit 
and  lorry  gave  rise  to  a  new  line  of  searchlight  power  units. 
A  50-kw,  design  is  shown  in  Fig.  18.  It  employs  a  LaFrance 
Fire  Engine  chassis  with  177-tn.  wheel  base.  It  has  provision 
for  a  60-in.  high-amperage  searchlight,  a  crew  of  12  men, 
500  ft.  of  cable  and  all  auxiliaries  for  maintaining  this  force  in 
the  field  for  one  week.  Fig.  19  shows  a  6.5-kw.  unit,  employ- 
ing a  Dodge  chassis.  This  carries  a  30-in.  90-anipere  high- 
intensity  open-type  searchlight,  with  a  crew  of  three  to  four 
men. 

Mobile  searchlight  units  have  been  extended  to  include 
lights  on  towers  for  coast  defense  purposes.     Fig.  20  shows  a 
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•recently  completed  design.  It  consists  essentially  of  two 
railway  cars,  which  carry  a  searchlight  and  its  tower  and  the 
power  plant  respectively.  The  tower,  when  raised,  places 
the  center  of  the  searchlight  33  ft.  above  the  top  of  the  tracks. 
The  searchlight  is  a  60-in.  high-intensity  coast  defense  design 
similar  to  Ihe  one  shown  in  Fig.  4.  It  is  supplied  by  power 
from  either  one  of  two  standard  25-kw.  115-volt  gasoline- 
electric  sets,  which  are  locdted  in  the  box  car.  These  are 
similar  to  the  one  shown  at  the  right  in  Fig.  3.  The  sets  are 
operated  in  series  for  supplying  power  to  electric  motors  lo- 
cated on  car  axles.  The  motors  are  regulated  by  standard 
railway  grids  under  the  car  floors  and  controllers  placed  at 
the  car  ends.  By  this  means,  the  unit  is  made  self-propelling 
at  speeds  up  to  10  miles  per  hour. 

Another  form  of  mobile  searchlight  tower  now  in  develop- 
ment, is  shown  in  Fig.  21.  It  consists  essentially  of  a  special 
form  of  searchlight  tower  mount,  with  a  telescoping  form  of 
tower,  on  top  of  which  is  placed  an  open  tjrpe  searchlight. 
The  complete  equipment  weighs  twenty  tons.  It  is  so  arranged 
as  to  have  the  load  distributed  on  a  track  running  over  the 
wheels.  This  gives  an  average  bearing  of  about  700  lbs.  per 
sq.  ft.  It  can  operate  at  speeds  up  to  20  miles  per  hour  on 
good  roads  or  up  to  10  miles  per  hour  over  very  bad  roads.  It 
will  go  through  a  swamp  where  the  water  is  not  over  3  ft.  deep 
and  will  climb  a  75  per  cent  grade. 

Ralph  Kelly :  In  answer  to  Mr.  McNicholls  question, 
the  special  feature  of  the  lamp  used  for  signalling  work  is  that 
it  has  a  concentrated  filament  and  is  filled  with  hydrogen  gas. 
This  gives  a  high  intensity  source  of  light  with  quick  flashing 
and  dying  out  but  with  very  short  life.  The  lamp  used  for 
searchlight  work  is  similar  to  the  signalling  light  in  having  a 
concentrated  filament  but  is  filled  with  nitrogen  gas  with  a 
slow  period  of  flashing  and  a  long  life.  I  believe  the  filament 
temperature  of  the  hydrogen  lamp  is  the  highest. 

The  Navy  experimented  with  metal  mirrors  a  number  of 
years  ago  but  found  they  did  not  keep  their  shape  and  tarnished 
very  quickly  under  sea  service,  ^he  parabolic  glass  mirror 
has  proven  very  satisfactory  in  Naval  service  with  a  com- 
paratively few  breaks  on  record  that  were  caused  by  gunfire. 

The  army  mobile  Cadillac  searchlight  unit  represents  a 
remarkable  development  and  among  the  many  types  of  equip- 
ment that  have  been  developed  for  field  work,  there  are  none 
that  can  compare  with  it  for  mobility  and  efficiency. 

There  is  only  one  way  to  fight  enemy  planes  at  night  and  that 
is  to  illuminate  them  with  searchlights  and  fight  them  with 
aircraft.  The  friendly  aircraft  have  the  advantage  of  darkness 
while  they  attack  enemy  planes  illuminated  by  the  search- 
lights. Anti  aircraft  guns  are  of  little  use  except  in  protecting 
the  searchlight  equipment  by  preventing  enemy  planes  from 
flying  down  the  beam  to  a  low  height  where  they  can  bomb  the 
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searchlight  personnel.  I  might  say  that  a  searchlight  must 
frequently  have  its  position  changed  to  prevent  being  shelled  by 
enemy  artillery  or  by  being  used  as  a  land  mark  for  navigation 
of  enemy  planes.  This  is  the  great  reason  why  a  field  search- 
light should  be  light  and  mobile. 

Mr.  Bassett  stated  that  the  searchlight  mirrors  are  fairly 
well  standardized  but  I  don't  think  the  Army  Engineer  Corps 
will  agree  with  him  on  this  point.  They  are  still  in  the  midst 
of  a  very  extensive  investigation  in  the  field  of  metal  mirrors 
in  which  thw  have  encountered  and  are  still  encountering  tre- 
mendous difficulties. 

Mr.  Patterson's  figures  comparing  the  12  in.  and  24  in.  low 
power  searchlight  hold  good  for  those  lights  under  laboratory 
conditions  when  operated  by  expert  personnel.  In  actual 
service  the  present  design  of  low  power  light  operates  very 
inefficiently  as  described  in  the  paper.  In  my  opinion  there  is 
no  question  that  a  well  designed  low  power  light,  such  as  the 
12  in.  can  be  manufactured  to  give  the  same  light  on  the  target 
as  the  present  24  in.  light  as  it  is  now  inefficiently  operated  in 
service.  The  tjnpe  and  design  of  that  light  is  a  problem  for 
the  future  but  it  is  generally  conceded  that  their  is  great  room 
for  improvement  in  the  present  low  power  light. 

The  12  in.  light  I  had  in  mind  in  writing  the  paper  was  one 
designed  and  built  by  Major  Judson  and  Lieut.  Thompson 
U.  S.  M.  C.  which  used  carbons  of  a  very  refractory  material 
with  an  arc  current  of  30  amperes.  The  positive  carbon 
had  a  diameter  of  ^  in.  while  the  negative  carbon  diameter 
was  }4  in.  which  resulted  in  a  far  greater  intrinsic  brilliancy  of 
light  source  than  the  present  low  power  light.  This  light  was 
equipped  with  a  ground  glass  finder  which  added  materially 
to  its  efficiency  as  it  enabled  the  operator  to  keep  the  carbons 
in  focus  at  all  times. 

In  regard  to  Mr.  Patterson's  recommendation  that  the  12  in. 
and  18  in.  sizes  both  be  retained,  it  is  not  only  my  own  opinion 
but  that  of  Naval  officers  generally  that  the  Navy  standardize 
on  one  size  of  low  power  searchlight.  That  size  should  be 
either  the  12  in.  or  the  18  in.  as  determined  after  service  tests. 

Commander  Beehler's  discussion  gives  the  status  of  the 
third  electrode  control  of  the  positive  carbon  for  Naval  work, 
and  also  answers  Mr.  Murphy  s  question  on  that  point. 

The  data  Mr.  Murphy  gave  on  ventilation  of  searchlights  are 
extremely  interesting.  His  company  did  the  pioneer  work  in 
the  field  of  searchlight  ventilation  and  had  many  troublesome 
obstacles  to  overcome  before  they  arrived  at  their  present 
arrangement.  This  has  worked  admirably  on  the  24  in.  high 
power  searchlights  under  the  severest  of  naval  service  condi- 
tions. 

As  stated  in  the  paper,  the  thermostat  development  by  Mr. 
Murphy  has  proven  very  successful  in  service.  It  will  however 
be  of  advantage  to  mount  the  thermostat  on  the  lamp  structure 
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out  of  the  weather  and  where  no  special  adjustments  are  re- 
quired to  maintain  the  positive  crater  in  the  focal  position. 

There  was  a  great  deal  of  question  during  the  war  regarding 
the  real  value  of  a  searchlight  on  a  naval  vessel  but  there  finally 
developed  a  strong  feeling  that  well  designed  searchlight  equip- 
ment, properly  used  will  prove  of  immense  value  to  a  ship  in 
a  night  engagement.  This  feeling  was  confirmed  by  both 
Admiral's  Beatty  and  Jellicoe  in  their  reports  on  the  battle  of 
Jutland. 

As  Commander  Beehler  brings  out,  it  is  not  the  high  current 
density  of  the  carbons  alone  that  causes  the  high  intensity 
phenomena,  but  the  combination  of  that  high  current  density 
and  the  angle  of  the  negative  arc  stream.  The  dome  glass 
door,  in  accordance  with  his  tests,  is  not  as  efficient  in  trans- 
mitting light  as  a  clean  plate  glass  strip  door.  The  great  point 
in  favor  of  the  dome  glass  door  is  that  it  stands  up  against  gun 
fire  while  the  present  type  of  plate  glass  door  shatters  under 
gun  fire.  Until  the  plate  glass  strip  front  door  is  developed 
to  resist  gunfire,  it  is  only  feasible  to  use  the  less  efficient 
dome  glass  door  for  the  major  characteristic  of  a  front  door 
is  that  it  must  withstand  gunfire.  There  is  also  a  field  of 
development  in  improving  the  optics  of  the  dome  glass  door 
with  a  view  to  improving  its  light  transmission  efficiency. 

The  question  of  size,  material,  and  current  density  of  search- 
light carbons  is  still  one  in  which  there  are  a  number  of  con- 
flicting opinions.  If  a  more  refractory  material  is  used  for  the 
carbons  which  gives  a  greatly  reduced  tail  light,  the  light  source 
will  unquestionably  be  of  lower  intrinsic  brilliancy  than  is 
obtained  with  the  present  type  of  high  powered  carbons. 
However  it  is  the  light  that  comes  back  to  the  observer  from 
the  target  that  counts  and  with  the  absorption  of  the  atmos- 
phere in  the  nature  of  the  6th  power,  it  is  apparent  that  there 
can  be  a  material  reduction  in  the  brilliancy  of  the  light  source 
and  still  effect  but  very  slightly  the  light  reflected  back  to  the 
observer  from  the  target.  Is  it  then  worth  while  to  have  a 
lower  brilliancy  light  source  and  eliminate  the  objectionable 
foreground  lighting  caused  by  the  tail  light  of  the  high  power 
light  or  is  the  sacrifice  in  intrinsic  brilliancy  of  the  light  source 
too  great  for  the  advantage  gained? 
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UNIFICATION  OF  THE  MANUAL  AND  AUTOMATIC 

TELEPHONE  SYSTEMS 


BY  D.  E.  WISEMAN 


Abstract  op  Paper 

A  description  is  given  of  the  physical  consolidation  of  the 
Bell  manual  and  the  Automatic  Electric  telephone  systems  of 
Los  Angeles,  Cal.,  which  previously  to  June  I,  1918  operated  as 
separate  systems.  While  similar  consolidations  had  been  made 
previously  they  included  relatively  small  volumes  of  traffic  and 
afforded  no  engineering  precedents  as  a  guide  to  the  consolida- 
tion of  two  systems  serving  129,000  stations.  The  plans  for  the 
physical  union  of  the  two  companies  were  devised  by  a  joint 
committee  of  engineering  representatives,  and  contained  a 
number  of  novel  operating  ana  construction  methods  which  are 
described. 

Under  the  new  system  each  subscriber  has  access  to  every 
other  subscriber  in  the  Los  Angeles  exchange  and  to  all  long- 
distance lines  centering  there.  Where  duplicate  services  were 
installed  the  subscriber  was  given  his  choice  as  to  whether  he 
would  retain  the  manual  or  the  automatic  system,  and  about 
13,000  duplicates  were  eliminated,  the  choice  between  the  two 
types  being  equally  di^^ded. 


IN  telephone  engineering  and  the  resultant  physical  and 
economic  accomplishment,  June  1, 1918  figures  prominently, 
for  on  that  date  the  formal  imion  of  the  Bell  manual  telephone 
system  operated  by  The  Pacific  Telephone  and  Telegraph 
Company,  and  the  Automatic  Electric  system  operated  by 
the  Home  Telephone  and  Telegraph  Company  in  the  City  of 
Los  Angeles,  was  effected  under  the  management  of  the  newly 
created  Southern  California  Telephone  Company,  giving  to 
every  telephone  user  in  that  area  a  unified  and  imrestricted 
exchange  telephone  service  and  universal  service  over  toll 
trunk  lines  to  some  eleven  million  telephones  throughout  the 
United  States.  Consolidations  of  this  character  have  been 
made  prior  to  this  date  but  involving  relatively  small  volunies 
of  traffic  and  simple  operating  methods  so  that  there  were  no 
records  of  actual  performance  or  established  engineering  prac- 
tises to  serve  as  a  precedent  and  guide  for  determining  the 
effect  of  and  the  physical  requirements  necessitated  by  the 
sudden  release  of  two  large,  distinct  and  separately  bound 
volumes  of  traffic  into  a  common  channel. 
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Because  of  the  novel  operating  and  construction  methods 
and  the  speculative  possibilities  involved  in  the  important 
pioneering  work  of  welding  these  fundamentally  different  tele- 
phone switching  systems  into  a  single  eighteen  million  dollar 
plant  serving  129,000  stations,  a  semi-technical  summary  of 
the  events  has  been  prepared  for  general  information. 

A  brief  reference  to  the  conditions  which  brought  about  the 
consolidation  will  be  made  in  order  to  better  understand  the 
problems  that  confronted  the  two  competing  telephone  com- 
panies and  their  subscribers.  Believing  that  competition 
instead  of  control  was  the  automatic  remedy  to  apply  to  public 
utilities,  the  City  of  Los  Angeles  invited  telephone  competition 
about  sixteen  years  ago  and  then  struggled  along  with  her 
business  firms  and  many  of  her  residents  pajdng  two  telephone 
bills  for  a  divided  and  what  proved  to  be  an  unsatisfactory 
telephone  service.  This  condition  was  continued  until  the 
year  1916,  when  the  public  decided  by  popular  vote  to  bring 
about  an  end  to  dual  telephone  service.  Negotiations  were 
begun  and  various  proposals  were  considered  by  all  concerned 
in  an  effort  to  avoid  any  waste  or  arbitrary  measures.  A  plan 
was  finally  accepted  for  the  organization  of  a  local  telephone 
company,  which  was  to  purchase  the  properties  of  the  existing 
operating  companies  and  unify  the  service,  continuing  with 
the  equipments  then  in  plant  and  giving  the  right  to  the  tele- 
phone users  to  determine  for  themselves  whether  they  would 
retain  their  automatic  stations  or  manual  stations.  War  con- 
ditions imposed  restrictions  in  the  conservation  of  materials 
and  men  for  such  projects  and  called  for  a  careful  weighing  of 
the  expected  benefits  and  expenditures  of  materials  and  labor. 

With  this  clear  understanding  of  the  requirements,  a  joint 
committee  of  engineering  representatives  was  appointed  to 
determine  the  methods  for  the  physical  joining  of  the  two 
systems.  As  a  result  of  their  efforts,  a  fundamental  plan, 
together  with  preliminary  estimates  of  cost,  was  submitted  and 
formally  approved  by  the  City  of  Los  Angeles,  the  Railroad 
Commission  of  the  State  of  California  and  by  the  Attorney 
General  for  the  Federal  Government,  and  on  May  1,  1917, 
formal  authorization  was  given  to  proceed  with  the  project. 

In  order  to  picture  the  plants  as  they  existed  prior  to  the 
consolidation,  I  shall  refer  briefly  to  the  physical  properties 
and  the  operating  methods  of  the  two  systems.  Referring  for 
a  moment  to  Fig.  1,  the  area  served  by  the  duplicate  plants  was 
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about  200  sq.  mi.  and  lying  within  the  corporate  city  limits. 
The  open  and  solid  circles  show  office  and  wire  centers  of  the 
Home  and  Pacific  Companies  respectively,  while  the  dotted 
and  solid  lines  mark  the  areas  of  the  respective  districts.  The 
Pacific  Company  was  established  first  and  the  opening  and 
location  of  its  offices  followed  the  telephone  development  of 
the  city.  The  first  office  was  located  in  the  business  area  and 
as  the  population  increased  and  spread  to  outlying  districts, 
new  offices  and  districts  were  established.  Each  office  was 
located  as  near  as  practicable  to  the  center  of  the  wire  distrib- 
uting system  as  determined  by  a  study  of  the  existing  plant 
and  expected  growths  for  15  or  more  years  hence.    As  years 
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Pig.  1 — Area  Served  by  Duplicate  Plants 


go  by  and  old  offices  are  outgrown  studies  very  often  show  an 
economy  in  subdividing  the  original  district  or  changing  the 
boundaries  so  that  this  natural  process  tends  to  correct  any 
errors  in  estimates  of  growths  and  locations  of  such  expected 
growths. 

May  1,  1917,  the  Pacific  Company's  exchange  consisted  of 
its  standard  outside  plant  and  station  equipment  and  nine 
manually-operated  central  offices  serving  about  69,000  stations. 
Bell  equipment  was  used  in  units  having  a  capacity  of  9600  mul- 
tiple lines.  Telephone  connections  were  established  generally 
by  the  calling  subscriber  removing  the  receiver  from  the  switch 
hook,  causing  a  light  to  appear  before  an  answering  A  operator, 
who  upon  receiving  a  request  for  a  particular  number  cut-in 
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on  an  order  wire  to  the  particular  switchboard  unit  in  the 
district,  indicated  by  the  prefix  of  the  number  called-for.  An 
operator  at  the  distant  switchboard  unit,  assigned  a  trunk  over 
this  order  wire  to  the  calling  A  operator  and  completed  the 
connection  by  plugging  into  the  called-for  subscriber's  multiple. 
Fig.  2  shows  a  schematic  transmission  circuit  of  a  typical  con- 
nection. The  operation  of  this  circuit  will  be  described  later 
and  in  connection  with  the  unified  plant. 
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Fig.  2 — Equipment  Involved  in  a  Connection  Between  a  Holly- 
wood  Office   Manual   Subscriber   and   a   South    Office   Manual 

Subscriber 

The  former  Home  Company  operated  an  automatic  ex- 
change including  a  parallel  and  similarly  constructed  outside 
plant  and  fourteen  offices  serving  a  total  of  approximately 
60,000  stations.  About  35,000  stations  were  equipped  with 
dials  and  approximately  25,000  manual  stations  operated  from 
private  branch  exchanges  and  as  public  pay  stations.  The 
lines  from  the  manual  stations  terminated  on  a  45-position 
manual  switchboard  in  the  Olive  Office.    Calls   from    auto- 
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F'iG.  3 — Equipment  Involved  in  a  Connection  Between  a  Holly- 
wood Office  Automatic  Subscriber  and  a  South  Office  Automatic 

Subscriber 

matic  stations  to  automatic  stations  were  made  by  dialing  five 
or  six  digits,  as  required,  to  reach  the  particular  district  and 
individual  subscriber.  In  capacity  the  former  Home  Plant 
was  one  of  the  largest  and  probably  the  most  successfully 
operated  of  any  automatic  system  installed  in  the  United  States 
or  abroad.  Home  Company  private  branch  exchange  sub- 
scribers were  reached  by  dialing  the  private  branch  exchange 
operator,  who  completed  the  connection.  Calls  outgoing  from 
private  branch  exchange  subscribers  were  trunked  to  the  man- 
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ual  transfer  board  above  mentioned,  the  calls  coming  in  on 
an  automatic  traffic  distribiitor  which  placed  each  line  lamp 
signal  before  a  non-busy  operator.  The  operator  upon  taking 
up  these  connections  would  complete  the  call  direct  if  to  another 
private  branch  exchange  station  through  the  subscriber's 
multiple  or  dial  the  number  required,  if  an  automatic  station 
was  wanted.  Fig.  3  shows  a  schematic  transmission  circuit  of 
a  typical  full  automatic  connection.  The  operations  and  func- 
tions will  also  be  described  step  by  step  later. 

Los  Angeles  has  had  the  distinction  of  having  more  telephones 
per  capita  than  any  other  city  in  the  world  and  is  now  very 
close  to  the  top  of  the  list.  This  general  usage  is  reflected  in^ 
the  number  of  calls  originating  in  each  system,  as  shown  by 
the  records  of  traffic.  The  approximate  numbers  of  daily 
average  calls  originating  in  the  former  Pacific  plant  and  Home 
plant  were  in  the  vicinity  of  430,000  and  420,000  respectively. 

The  engineering  problems  demanded,  therefore,  a  reasonably 
close  approximation  of  the  volume  of  existing  and  added  traffic 
which  could  be  expected  to  flow  between  tha  groups  of  stations 
of  the  various  districts  of  the  two  plants;  a  determination  of 
the  most  direct  and  economical  routing  of  such  calls  based 
on  efficient  operating  methods  and  the  use  of  existing  facilities; 
and  the  design  and  development  of  an  inter-unit  trunking  plant 
and  switching  circuits  necessary  to  maintain  the  commercial 
standards  for  transmission  and  supervision  between  the  two 
systems  regardless  of  the  mechanical,  electrical  and  operating 
inequalities.  Visual  and  audible  signals  peculiar  to  the  sepa- 
rate systems  required  for  supervisory  purposes  needed  to  be 
synchronized  or  harmonized  and  extended  when  necessary  so 
as  to  afford  common  usage. 

It  is  obvious  that  a  great  many  plans  and  combinations  of 
plans  for  unification  were  developed  in  sufficient  detail  to  de- 
termine their  relative  capital  and  operating  costs  and  advan- 
tages and  disadvantages.  The  plan  in  principle  that  was 
adopted  for  handling  the  inter-office  traffic  between  the  systems 
was  to  operate  all  existing  offices  as  units  of  the  complete  ex- 
change and  route  the  new  automatic  or  manual  trunks  of  each 
office  into  the  adjacent  office  of  the  opposite  system,  where  the 
connection  could  be  completed  by  the  most  direct  method  and 
route. 

Having  referred  to  the  facts  that  were  most  vital  in  shaping 
the  project,  I  should  like  to  outline  the  organization  and 
schedule  of  work  involved  in  the  construction  program  esti- 
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mated  to  cost  $1,250,000.  Every  reasonable  effort  was  de- 
manded to  bring  about  a  unification  of  the  properties  without 
waste  of  time,  and  accordingly  a  complete  schedule  for  the 
ordering  of  materials,  manufacturing,  assembly  and  installa- 
tion thereof  was  set  up  after  a  canvas  of  probable  material 
deliveries  and  of  the  labor  situation.  It  became  evident  that 
a  period  of  twelve  months  would  be  the  shortest  time  pos^ble 
to  complete  the  necessary  work,  keeping  in  mind  that  war 
demands  might  upset  the  schedule,  and  all  effort  was  centered 
on  finishing  the  project  within  the  minimum  time.  Specifica- 
tions and  plans  were  completed  for  each  individual  project, 
jiumbmng  all  together  about  110,  and  each  one  was  charted 
with  due  regard  to  the  materials  involved,  quantity,  desired 
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time  of  delivery  and  installation  and  it£  relation  to  the  project 
as  a  whole.  Fig.  4  shows  a  typical  group  of  projects  and  il- 
lustrates the  method  of  maintaining  the  schedule  for  the  whole 
program.  As  items  of  material  were,  of  course,  duplicated  in 
a  great  many  of  the  specifications,  a  master  chart  was  pre- 
pared showing  the  total  quantities  of  each  of  the  thousands  of 
items  required  at  specified  dates. 

The  largest  single  project  consisted  in  the  design  and  manu- 
facture of  the  66-position  special  tandem  switchboard  and 
associated  equipment  to  be  located  in  Olive  GfRce  for  the 
translation  and  distribution  of  calls  from  automatic  stations 
to  manual  stations  in  the  downtown  area.  This  switchboard, 
together  with  the  switching  circuits  were  designed  in  detail 
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by  the  engineers  in  the  general  oflSce  of  the  telephone  company, 
and  all  of  the  manufacturing  and  assembly  work  was  performed 
in  San  Francisco.  Extensive  rearrangements  of  the  Olive 
oflSce  building  were  necessary  to  provide  space  for  this  equip- 
ment and  for  retiring  quarters  for  the  large  number  of  operators 
required  to*  give  the  necessary  24-hour  continuous  service. 
Fig.  5  shows  the  floor  plan  arrangement  of  this  switchboard  and 
associated  operating  room  space. 

In  the  manual  offices  it  was  necessary  to  equip  the  regular 
subscriber  positions  with  a  dial  for  sending  out  the  electrical 
impulses,  and  to  provide  outgoing  trunks  connecting  directly 
with  the  automatic  equipment  in  the  adjacent  office.    There 
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Pio.  5 — Plan  op  Second  Floor  Olive  Office,   Los  Angeles,  Cal. 


were  approximately  375  subscriber  switchboard  positions  in 
the  manual  system  in  the  Los  Angeles  exchange  that  required 
the  installation  of  this  special  equipment  and  associated  wiring 
and  this  proved  to  be  one  of  the  most  difficult  parts  of  the  work, 
because  such  work  had  to  be  performed  on  positions  of  switch- 
board that  were  in  continuous  operating  service.  I  will  refer 
to  Fig.  6  and  describe  the  switching  circuit  associated  with  the 
dials  at  the  operators'  positions.  Each  operator  on  the  sub- 
scribers' switchboard  is  provided  with  10  outgoing  trunks  ter- 
minating in  the  nearest  automatic  office  on  first  selectors. 
These  outgoing  trunks  are  provided  with  twin  jacks,  one  above 
the  other,  and  electrically  connected  so  that  the  dialing  device 
can  be  associated  with  each  of  the  trunk  circuits  to  the  distant 
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oflSce.  The  plug  connecting  with  the  dial  is  inserted  in  the 
lower  first  jack  while  a  call  originated  by  a  manual  subscriber 
for  an  automatic  station  is  connected  to  the  upper  first  trunk 
jack  by  means  of  the  regular  A  operator's  doubled-ended  cord 
circuit.  The  operator  then  proceeds  to  dial  the  number  re- 
quested and  as  soon  as  this  number  has  been  dialed,  the  operator 
moves  the  dial  circuit  plug  to  the  lower  second  jack,  thereby 
pre-selecting  the  trunk  circuit  for  the  next  call  for  an  auto- 
matic station.  The  operation  of  the  second  and  third  selectors 
and  final  connector  is  the  same  as  described  later  under  "Auto- 
matic to  Automatic  Connections."  The  circuit  is  so  arranged 
that  the  manual  A  operator  just  referred  to  receives  direct 
supervision  for  both  the  calling  manual  and  the  called  for 
automatic  station.  At  the  end  of  the  conversation,  the  lighting 
of  a  lamp  associated  with  each  end  of  the  A  cord  circuit  indi- 
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Fig.  6 — Method   of   Establishing   a   Connection    by   Means   of 

Dial  Calling  Device 


cates  to  the  operator  that  the  connection  has  been  finished  and 
all  cords  are  to  be  cleared  from  the  subscriber's  line  and  trunk 
jacks.  The  outgoing  dial  trunks  are  used  in  rotation  and  the 
actual  number  of  the  trunks  connected  by  such  lines  to  the 
distant  office  varies  with  the  traffic  requirements. 

Central  office  telephone  installation  work  has  generally  been 
organized  for  individual  projects  usually  confined  to  a  partic- 
ular office  building.  The  plan  of  scheduling  the  material  and 
utilizing  this  material  to  its  greatest  advantage  made  it  neces- 
sary to  depart  from  the  regular  practises  of  the  installing  forces 
and  to  provide  that  all  of  the  work  should  be  treated  as  one 
project  wherein  the  men  trained  for  specific  work  were  to  be 
moved  from  one  office  to  another  as  materials  arrived  and 
thereby  facilitating  the  completion  of  the  work  regardless  of 
irregularities  in  the  arrival  of  materials  for  a  particular  office. 

This  arrangement  was  one  of  the  important  factors  in  effect-* 
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ing  the  final  completion  of  the  central  oflSce  work  April  30, 1918. 
The  time  intervening  from  the  date  until  the  beginning  of  the 
delivery  of  the  directory  and  the  formal  announcement  of 
consolidation  on  June  1, 1918  was  required  in  placing  thousands 
of  test  calls  over  all  combinations  of  connections  to  make  sure 
of  positive  operation.  In  a  typical  connection  between  an 
automatic  and  manual  station  there  are  41  relays,  and  79 
from  manual  to  automatic,  having  movable  parts  controlling 
from  one  to  ten  electrical  contacts,  each  of  which  must  function 
in  the  proper  sequence  from  the  start  to  the  completion  of  each 
telephone  call.  I  do  not  wish  to  convey  an  impression  that 
telephone  circuits  ar6  inherently  subject  to  failure  because  they 
are  not.  The  characteristics  and  operating  requirements  for 
each  relay,  for  instance,  are  known  mathematically  and  what 
the  relay  can  be  depended  upon  to  do  for  a  specific  period  of  time. 
At  regular  intervals  each  type  of  relay  is  given  its  proper  current 
adjustment  using  measuring  instruments  designed  for  that 
purpdse. 

The  installation  of  telephone  cables  and  central  office  equip- 
ment of  the  manual  or  automatic  type  required  the  use  of  highly 
trained  and  skilled  labor  and  the  Telephone  Company  faced 
the  difficulty  of  obtaining  the  large  number  of  electricians  and 
mechanics  required  to  hold  the  schedule  and  training  them 
for  the  special  work.  As  it  was,  considerable  overtime  became 
necessary  to  maintain  a  working  balance  between  the  arrivals 
of  material  and  the  available  labor. 

Among  the  larger  items  of  expenditure,  and  one  involving 
months  of  study  and  calculations  in  voice  transmission  were 
the  additions  and  changes  necessary  in  the  cable  trunking  plant 
in  order  to  maintain  commercial  standards  on  all  local  and 
long  distance  connections.  These  studies  included  the  use 
of  and  application  of  loading  coils  to  the  former  Home  Company 
cable  plant  amounting  to  about  1000  coils  and  the  addition  and 
respacing  of  many  of  the  coils  in  the  portion  of  the  Pacific 
Company  cable  plant.  All  together  about  75,000,000  con- 
ductor-feet of  various  gages  of  underground  telephone  cables 
were  ordered  and  installed  to  provide  new  routes  and  reinforce 
existing  trunk  groups  required  for  the  consolidated  service. 

Prior  to  the  consolidation,  practically  all  of  the  subscribers 
having  private  branch  exchanges  maintained  duplicate  switch- 
boards and  station  apparatus.  The  problem,  therefore,  of 
consolidating  this  type  of  equipment  offered  no  particular 
difficulty,  as  such  consolidations  could  be  and  were  effected  by 
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grouping  the  trunks  formerly  serving  the  separate  systems  on 
the  particular  switchboard  to  be  retained,  adding  thereto  the 
amount  of  line  and  trunk  facilities  desired  by  the  subscriber 
and  eliminating  the  duplicate  switchboard  and  stations  not 
required.  The  net  effect  was  to  remove  about  345  single- 
position  private  exchange  switchboards  from  the  system.  In 
the  case  of  several  of  the  larger  commercial  companies,  it  was 
necessary  to  order  complete  multiple  private  branch  exchange 
switchboards  of  the  640-line  capacity  and  about  30  sections 
of  such  boards  were  placed  in  service  as  fast  as  the  equipment 
could  be  engineered  and  manufactured.  It  will  be  interesting 
to  note  that  the  flow  of  traflSc  to  and  from  private  exchanges 
was  not  greatly  disturbed  from  the  existing  paths  by  this  plan 
of  consolidating;  a  principle  which  was  kept  well  in  mind  and 
taken  advantage  of  wherever  practicable. 

Where  individual  and  party  stations  were  duplicated,  both 
stations  were  left  connected  until  the  new  directories  were 
delivered,  at  which  time  the  subscriber  was  requested  to  use 
the  telephone  of  the  particular  system  that  he  had  made  appli- 
cation for  and  the  other  station  was  removed  as  soon  as  the 
construction  forces  could  handle  the  work.  Approximately 
13,000  duplicate  stations  have  been  removed. 

A  considerable  number  of  operators  were  required  and  for  a 
while  it  looked  very  much  as  if  the  consolidation  would  have  to 
be  postponed  because  of  the  inability  to  obtain  the  needed 
force.  Good  service  depends  to  a  large  extent  on  capable 
and  efficient  operators  and  you  can  appreciate  the  difficulty  that 
confronted  the  operating  department  in  the  selection,  employ 
and  training  of  approximately  500  additional  operators  re- 
quired for  handling  the  special  transfer  switchboard  installed 
in  the  Olive  Office  building,  and  for  the  large  number  of  added 
positions  of  switchboard  in  the  various  manual  oflSces.  A  large 
operating  school  equipment  was  hiuriedly  manufactured  and 
installed  and  training  of  operators  was  started  about  the  first 
of  the  year  1918.  The  schedules  also  provided  for  the  early 
installation  of  dials  on  the  subscriber  positions  in  the  manual 
offices  for  advance  training  of  the  regular  operating  force. 
Special  observation  equipment  was  designed  and  furnished  for 
practise  work  in  placing  test  calls  and  later  for  supervision  in 
determining  and  checking  the  accuracy  of  dialing  the  calls 
placed  by  the  subscribers.  By  means  of  automatic  recording 
devices  the  numbers  called  for  by  subscribers  or  instructors 
were  compared  with  the  numbers  actually  dialed  and  in  this 
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way  the  operating  force  was  gradually  brought  to  an  efficient 
basis  by  the  time  the  construction  work  was  completed. 

Proceeding  under  the  restrictions  that  each  subscriber  having 
duplicate  service  should  determine  for  himself  whether  to 
retain  automatic  or  manual  substation  equipment,  the  Com- 
mercial Department  carried  on  a  vigorous  campaign  to  obtain 
these  subscriber's  choices  and  to  arrange  accordingly.  I  do  not 
have  the  exact  figures  but  I  understand  that  of  the  18,680 
duplicate  stations  about  5200  duplicates  were  retained  and 
the  balance  were  divided  evenly  between  the  two  types.  The 
expected  result  of  this  canvass  had  been  forecasted  and  was 
an  essential  factor  in  engineering  and  in  construction  work. 

As  a  function  of  the  commercial  canvass  the  Directory  De- 
partment was  confronted  with  the  necessity  of  recasting  the 
entire  directory  scheme  to  fit  the  particular  needs  of  a  unified 
service.  A  great  amount  of  thought  was  given  to  the  deter- 
mination of  the  most  efficient  arrangement  of  listing  and  num- 
bering subscribers,  and  while  this  seems  trivial  yet  a  careless 
directory  arrangement  reflects  on  the  quality  of  the  telephone 
service  and  robs  the  public  of  valuable  time.  Many  number 
changes  were  involved  and  a  complete  relisting  of  every  sub- 
scriber's name  and  number  into  one  alphabetical  list  introduced 
great  possibilities  of  errors.  (It  is  a  matter  of  passing  interest 
that  165,000  copies  of  the  directory  were  issued  and  distributed 
in  Los  Angeles  and  to  other  exchanges  for  long-  and  short-haul 
toll  traffic  and  that  over  441,000  pounds  of  paper  were  re- 
quired in  the  printing  of  the  consolidation  issue.) 

In  the  present  unified  plant,  local  calls  are  divided  into  four 
main  groups  and  are  obtained  in  the  following  ways: 

Calls  from  Automatic  Stations  to  Automatic  Stations  are  ob- 
tained in  the  same  manner  as  under  the  former  Home  manage- 
ment, that  is,  by  the  subscriber  dialing  the  number  wanted  as 
indicated  by  the  directory  listing.  Such  subscriber  sets  are 
provided  with  the  familiar  dialing  device  arranged  to  transmit 
from  one  to  ten  electrical  impulses  for  each  "pull"  of  the  dial. 
In  the  automatic  system  most  of  the  stations  are  reached  by 
dialmg  five  digits  although  there  are  a  few  thousand  six  digit 
numbers.  The  operation  of  the  first  digit  of  the  five  digit 
numbers  selects  the  office  district  required,  the  second  digit 
selects  the  particular  thousand,  the  third  digit  selects  the  par- 
ticular hundred,  while  the  fourth  and  fifth  digits  select  the  tens 
and  unit  respectively,  of  the  number  desired.  Referring  to 
Fig.  3,  the  calling  automatic  subscriber  upon  removing  the 
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receiver  from  the  switchhook  completes  an  electrical  circuit 
through  a  Keith  line  switch,  the  chief  fitnction  of  which  is 
to  direct  the  simultaneous  calls  to  a  minimum  number  of 
trunks  to  first  selectors.  Each  automatic  line  therefore  termi- 
nates on  a  primary  line  switch  having  ten  paths  to  as  many 
first  selectors,  these  trunks  being  multipled  to  other  line 
switches,  depending  on  the  calling  rate  or  traffic  load  of  the 
particular  group  of  lines.  The  operation  of  the  first  digit  of 
the  number  wanted  causes  the  mechanism  of  the  first  selector 
to  step  the  brush  terminals  upward  to  one  of  the  ten  levels 
arbitrarily  connecting  to  a  particular  10,000-line  unit.  This 
selector  is  of  the  trunk-hunting  type,  that  is,  the  subscriber, 
as  noted  above,  having  dialed,  say,  the  digit  6,  causes  six  electri- 
cal impulses  to  be  transmitted  through  the  selector  mechanism 
through  the  stepping  relay,  raising  the  brushes  to  the  sixth  level. 
The  selector  then  automatically  begins  a  rotary  movement 
and  continues  until  an  idle  trunk  is  found.  There  are  ten 
trunks  over  which  this  rotary  trunk  selection  takes  place  and  the 
traflSc  is  so  distributed  over  selector  equipment  that  with  very 
few  exceptions  an  idle  trunk  will  be  found  within  this  group 
of  ten.  The  connection  is  then  established  through  what  is 
termed  repeater  equipment  (consisting  of  coils  and  relays 
by  the  aid  of  which  the  calling  impulses  are  repeated  from  the 
local  to  the  distant  office  and  talking  battery  is  provided  to 
the  calling  station)  to  a  particular  second  selector  in  the  distant 
office.  The  dialing  of  the  second  digit  by  the  calling  subscriber 
again  operates  the  stepping  mechanism  to  one  of  the  ten  levels 
corresponding  to  the  thousands  of  the  number  wanted.  Auto- 
matic rotary  movement  takes  place,  selecting  an  idle  trunk  to 
the  third  selector  where  the  dialing  and  selecting  of  the  hundreds 
is  the  same  as  for  the  first  and  second  selectors.  The  con- 
nection now  is  established  through  to  the  connector  which  is 
similar  in  its  operation  to  selectors  with  the  exception  that  the 
tens  digit  steps  the  mechanism  to  the  corresponding  level  while 
the  units  digit  controls  the  rotary  movement  to  the  particular 
unit  required.  The  connector  also  supplies  talking  battery 
to  the  called  subscriber  and  sends  out  the  necessary  ringing 
impulses  to  call  either  the  individual  or  party  subscriber  de- 
sired or  sends  back  the  busy  signal  if  the  line  called  is  in  use. 
The  restoring  of  the  receivers  to  their  switchhooks  automati- 
cally returns  all  of  the  connecting  equipment  to  normal 
position  again  for  use  on  subsequent  connections. 
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Calls  from  Atitamatic  Stations  to  Manual  Stations  are  ob- 
tained by  operation  of  an  arbitrarily  assigned  digit,  the  ninth 
digit  or  level  being  available  in  this  case.  Trunks  from  these 
first  selector  ninth  levels  lead  to  the  nearest  manual  office 
and  terminate  by  the  aid  of  the  familiar  line  and  cutoff  relay 
on  an  answering  jack  with  a  lamp  signal  before  an  A  operator. 
Referring, to  Figs.  7  and  8,  the  A  operator  upon  receiving  a 
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line  lamp  signal,  plugs  into  the  corresponding  answering  jack 
and  requests  the  subscriber  to  give  the  number  (and  office 
prefix)  wanted  as  shown  by  the  directory  listings.  The  call  is 
then  completed  within  the  office  received  or  is  trunked  over  the 
manual  trunking  system  to  the  distant  B  operator  in  the  same 
manner  as  described  under  calls  manual  to  manual.  In  the 
downtown  district  where  a  considerable  amount  of  traffic  is 
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involved,  it  was  found  impossible  to  add  to  the  large  number 
of  A  positions  to  the  various  manual  units  and  it  was  necessary 
to  install  a  special  manual  switchboard,  shown  in  Fig.  5  in 
available  space  in  the  Olive  office  building.  This  special  board 
contains  only  the  necessary  multipled  terminating  lines,  out- 
going trunks  and  key  and  supervisory  equipment  necessary 
for  establishing  the  connections  between  the  automatic  and 
manual  system.  Automatic  calls  therefore  in  this  district  are 
completed  by  the  dialing  of  the  digit  9  as  before,  bringing  the 
line  signal  in  on  this  special  A  switchboard  where  such  con- 
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nections  are  completed  as  in  regular  manual  practise  over 
trunk  lines  assigned  over  order  wires. 

Calls,  from  Mamial  Stations  to  Mantiai  Stations  are  obtained 
in  the  same  manner  as  existed  prior  to  the  consolidation,  that 
is,  by  the  agency  of  the  A  and  B  operators  and  corresponding 
manual  switchboards.  Referring  to  Fig.  2,  the  calling  manual 
subscriber  upon  lifting  the  receiver  from  the  hook  causes  a  lamp 
to  light  before  an  A  operator  in  his  district.  This  line  termin- 
ates on  the  ordinary  line  and  cutoff  relays,  the  former  operating 
as  soon  as  the  switchhook  closes  the  circuit,  causing  the  line 
lamp  to  bum.  The  A  operator  then  plugs  into  the  correspond- 
ing line  jack  with  one  end  of  a  double-ended  cord  circuit,  this 
operation  causing  the  cutoff  relay  to  energize  and  thereby 
opening  the  circuit  through  the  line  relay  and  lamp.  The 
operator  then  throws  the  listening  key  and  requests  the  called 
for  number.    She  then  proceeds  to  complete  the  connection 
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by  plugging  either  directly  into  the  subscriber  multiple  or  by 
plugging  into  a  trunk  line  leading  to  the  distant  office  required 
and  as  assigned  by  the  distant  B  operator  over  an  order  wire 
circuit.  The  distant  trunk  operator  then  plugs  into  the  re- 
quired subscribers'  multiple  and  automatic  ringing  proceeds 
until  the  subscriber  answers.  Supervisory,  lamps  associated 
with  both  the  trunk  cord  and  the  double-ended  A  cord  furnish 
the  necessary  indication  to  the  operators  of  the  establishment 
of  the  connection  and  end  of  the  conversation.  When  both 
lamps  associated  with  the  double-ended  A  operator's  cord  re- 
light, the  connection  is  taken  down  and  this  operation  gives  a 
disconnect  signal  also  to  the  distant  trunk  operator. 

CaUs  from  Manual  Stations  to  Automatic  Stations  are  ob- 
tained by  direct  trunk  circuits.  An  A  operator  receiving  a 
manual  subscriber's  request  for  a  particular  automatic  number, 
as  indicated  by  the  directory  listing,  proceeds  to  dial  the  num- 
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ber  in  the  same  manner  as  described  above  for  an  automatic 
subscriber.  Each  A  operator  is  provided  with  a  group  of 
trunks,  as  shown  by  Fig.  6  and  described  in  the  first  part  of 
this  paper,  leading  to  the  nearest  automatic  office  and  termina- 
ting directly  on  first  selectors. 

Private  Branch  Exchange  Calls  originating  from  such  ex- 
changes of  the  former  Home  Company  were  formerly  operated 
and  are  still  operated  on  a  manual  basis.  Calls  placed  by  ex- 
tension stations  from  these  private  exchanges  are  trunked  to 
a  TUflTiiinl  switchboard  in  the  Olive  office  building,  this  switch- 
board having  the  familiar  subscriber  multiple  of  all  the  private 
exchange  trunk  lines.  The  incoming  private  exchange  trunk 
lines,  however,  are  carried  through  Keith  line  switches,  the 
function  of  which  is  to  select  a  non-busy  operator  and  to  place 
the  line  lamp  agnal  before  that  operator.    This  arrangement 
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is  commonly  known  as  the  traffic  distributor.  This  pre-selected 
operator  then  receives  the  request  for  either  an  automatic  or 
manual  number  and  if  for  the  former,  she  dials  the  number  as 
described  above  for  manual  A  operators.  If  the  called  for 
number  is  for  another  private  exchange  station,  the  operator 
completes  the  connection  in  the  multiple  similar  to  a  manual- 
to-manual  connection  and  if  the  request  is  for  a  station  in  a 
manual  office,  it  may  be  obtained  by  the  use  of  order  wires  and 
trunks  direct  to  the  office  required  or  over  trunk  lines  to  the 
special  Olive  office  manual  A  board.  All  connections  to  and 
from  the  former  Pacific  manual  private  branch  exchange  sta- 
tions are  completed  in  accordance  with  the  above  general 
methods  of  handling  calls  to  and  from  manual  stations 

Fig.  10  has  been  prepared  to  indicate  the  volumes  of  traffic 
expressed  in  calls  that  passed  between  the  former  automatic 
and  manual  stations  as  at  the  specified  dates.    The  curve  was 
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developed  from  the  following  records  and  immediately  after 
the  record  of  September  13,  1918.  (Later  records  have  since 
been  taken  and  are  shown  by  dots  on  the  original  curve.) 

I 


May  31,  1918 

(1    day    before  .formal    announce- 
ment) 

June  21,  1918 

July  19.  1918 

August  23,  1918 

September  13,  1918 


Automatic 

to 

Manual 


16.308 


71.883 

83,589 

95.059 

105.602 


Manual 

to 

Automatic 


31,870 


70,921 
76,556 
80.285 
88,161 


Total 
calls 


48,178 


142.804 
160,145 
175,344 
193.763 


So  far  as  I  know,  no  definite  statement  can  be  made  as  to 
the  gains  accruing  to  the  subscribers  at  Los  Angeles  under  the 
consolidated  arrangement,  because  the  most  important  factors 
are  not  capable  of  reduction  to  equated  savings  in  dollars. 

Some  of  the  major  factors  resulting  in  direct  benefit  are: 

1.  Value  to  the  subscribers  resulting  from  telephone  access 
to  each  and  every  subscriber  in  the  Los  Angeles  exchange  and 
to  all  long  distance  lines  centering  there. 

2.  Rental  savings  resulting  from  the  elimination  of  a  large 
number  of  duplicate  stations  and  private  exchange  switch- 
boards. 

3.  Elimination  of  the  indirect  economic  loss  due  to  confusion 
and  community  service  inefficiency  of  separate  telephone  sys- 
tems. 

Some  of  the  factors  which  tend  to  offset  part  of  the  savings 
are: 

1.  Added  annual  charges  on  the  plant  and  equipment  re- 
quired to  provide  means  for  universal  service.  There  was 
very  little  elimination  of  duplicate  plant  investment  primarily 
because  each  plant  was  designed  to  care  for  a  definite  develoi>- 
ment  and  volume  of  traffic.  Consolidation  obviously  does  not 
reduce  traffic  volume,  but  because  the  telephone  field  is  con- 
siderably increased  to  every  subscriber,  the  total  volume  of 
traffic  in  the  consolidated  plant  is  substantially  increased. 

2.  Added  operating  and  maintenance  costs. 

FVom  a  careful  weighing  of  these  factors  it  is  manifest  that 
the  consolidated  plant  offers  substantial  savings  and  benefits 
over  the  dual  systems.  The  worth  of  a  telephone  system  to 
any  community  lies,  not  only  in  its  capacity  for  effecting 
good  service  but  that  such  service  shall  be  universal  and 
available  to  the  maximum  possible  number  of  local  and  dis- 
tant subscribers. 


Pr€StnUd  at  a  Section  Meetini  of  tkt  American 
Institute  of  Electrical  Engineers,  Pittsburgh,  Pa., 
Pdnruary  it,  igio* 

Copyright  1919.     By  A.  I.  E.  E. 


SOME  PROBLEMS  IN  THE  OPERATION  OF  POWER 

PLANTS  IN  PARALLEL 


BY  E.  C.  STONE 

Abstract  op  Paper 

In  order  to  operate  two  power  plants  satisfactorily  in  parallel, 
the  transmission  line  which  ties  them  together  must  have  suffi- 
cient synchronizing  power,  as  well  as  sufficient  carrying  capacity. 
The  "synchronizing  power'*  of  a  line  depends  upon  its  resistance 
and  reactance,  the  bus  voltages  maintained  at  its  ends,  and  the 
maximum  kilovolt-amperes  it  must  transmit.  The  ability  of 
different  lines  to  provide  satisfactory  parallel  operation  cannot 
be  measured  by  any  standard  which  does  not  take  account  of 
all  of  these  factors.  Limiting  values  for  "synchronizing  power" 
of  lines  under  various  operating  conditions  are  given. 

The  division  of  load  between  two  plants  in  parallel  is  regulated 
by  steam  control;  the  division  of  wattless  current  associated 
with  the  load  depends  upon  the  voltages  generated  and  may 
be  in  proportion  to  the  division  of  real  load,  when  the  difference 
in  voltage  at  the  two  busses  will  vary  with  the  load  transmitted, 
or  may  be  arbitrary  so  that  regardless  of  the  load  transmitted, 
the  voltages  on  the  two  busses  will  be  maintained  constant. 
The  latter  plan  generally  gives  better  operating  conditions  on 
the  system  as  a  whole,  but  creates  demands  for  wattless  currents 
at  either  or  both  plants  in  excess  of  their  normal  capacity,  and  in 
so  doing,  involves  an  additional  cost.  The  excess  wattless  cross- 
current so  created  can  be  materially  reduced  by  varying  the  volt- 
age with  changes  in  load  transmitted  through  the  use  of  taps 
on  the  line  transformers,  by  inserting  additional  reactance  in  tne 
line  at  light  loads,  or,  when  the  stations  are  tied  together  by 
several  parallel  lines,  by  cutting  out  one  or  more  lines  as  the 
load  decreases. 

The  design  of  a  transmission  line  involves  a  consideration  of 
load  to  be  transmitted,  voltage,  reactance,  resistance,  losses, 
and  charging  current  of  the  Une,  and  of  wattless  generating 
capacity  at  the  receiving  end  of  the  line.  The  wattless  generat- 
ing capacity  at  the  end  of  the  lino  determines  how  many  kilowatts 
will  be  transmitted  for  each  ampere  of  line  current,  by  fixing  the 
power  factor  of  the  load  transmitted  and  the  voltage  at  the  re- 
ceiving end  of  the  line.  When  a  line  is  to  be  designed  for  parallel- 
ing two  plants,  it  must  have  sufficient  "synchronizing  power" 
to  hold  the  two  plants  together. 


THE  advantages  to  be  derived  from  the  operation  of  all  the 
power  plants  serving  a  territory  in  parallel  are  many  and 
great.  The  maximum  or  peak  capacity  is  increased  because 
of  the  diversity  of  the  load  in  different  parts  of  the  territory 
served;  small  plants  with  high  operating  costs  are  made  avail- 
able for  peak  service  only,  without  the  injurious  effects  of 
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interruption  to  service  when  loading  them  up  and  shutting 
them  down;  the  strain  of  carrying  sharp  and  sudden  peak  loads 
is  distributed  over  the  whole  generating  system;  customers  in 
all  parts  of  the  system  are  given  the  benefits  in  steady  fre- 
quency and  stability  of  power  supply  which  come  from  drawing 
their  power  from  a  source  of  supply  having  a  capacity  vastly 
greater  than  their  individual  requirements. 

It  is  not  possible,  however,  to  merely  synchronize  all  the 
power  plants  of  a  system  together  over  any  lines  that  may  be 
available  and  obtain  therefrom  all  the  advantages  of  parallel 
operation  without  experiencing  any  difficulties.  The  steam 
governing  devices  of  the  various  units  at  the  different  plants 
must  be  adjusted  with  respect  to  each  other  so  as  to  properly 
divide  the  load  at  all  times.  The  heavy  concentration  of 
power  in  short  circuits  which  results  from  parallel  operation 
requires  that  adequate  circuit  breakers  and  other  protective 
devices  must  be  installed.  The  transmission  lines  used  for 
tjdng  the  plants  together  must  have  suitable  characteristics  and 
sufficient  capacity.    This  paper  deals  with  the  latter  subject. 

When  a  number  of  individual  machines  are  operated  in 
parallel  in  one  power  plant  on  a  single  bus,  the  impedance  in 
the  circuit  connecting  them  is  so  small  as  to  be  quite  negligible 
in  its  effect  on  the  parallel  operation  of  the  machines.  When 
however,  two  separate  power  plants  are  operated  in  parallel, 
the  transmission  line  tjdng  them  together  comes  in  between  the 
busses,  thereby  increasing  the  impedance  of  the  connecting 
circuit  to  many  times  that  of  a  station  bus  and  decreasing  its 
carrying  capacity  correspondingly.  The  impedance  and  carry- 
ing capacity  of  a  transmission  line  thus  become  very  important 
factors  in  determming  the  manner  in  which  the  power  plants 
which  it  ties  together  will  operate  in  parallel. 

The  action  by  which  two  alternating-current  generators 
connected  to  a  common  bus  are  held  in  synchronism  is  com- 
monly understood.  If  one  machine  attempts  a  speed  different 
from  that  of  the  other,  a  difference  in  phase  immediately  de- 
velops between  their  voltages,  which  causes  a  cross  current 
to  flow  through  the  local  circuit  made  up  of  their  armature 
windings  and  leads  and  the  bus  section  between  them.  Be- 
cause of  the  reactance  in  this  circuit,  the  cross  current  is  of 
such  a  phase  as  to  transfer  a  part  of  the  load  carried  by  the 
lagging  machine  over  to  the  leading  machine.  This  in  turn 
causes  the  former  to  speed  up  and  the  latter  to  slow  down,  so 
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that  their  voltages  are  brought  back  into  phase  and  synchron- 
ism is  maintained. 

When  two  power  plants  are  operated  in  parallel,  the  action 
described  above  is  modified  by  the  insertion  of  the  tie  line  in 
the  local  circuit  between  generators.  The  vector  diagram  for 
a  given  set  of  conditions  as  to  plant  voltages  and  line  imped- 
ance, is  shown  in  Fig.  1.  When  the  two  power  plants  are 
exactly  in  step  so  that  their  voltages  E  and  Ez  are  in  phase, 
the  voltage  across  the  circuit  tying  them  together  is  e^  the 
current  /j  and  the  power  transmitted  from  station  1  is  Pj. 
The  station  delivering  power  to  the  tie  line  will  be  designated 
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Fig.  1 — Vector  Diagram 

E  -  Voltage  at  Station  1. 

EiEtEt  -  Voltages  at  Station  2. 

n^sca       ^  Voltages  across  tie  line. 

PiPtPt  -  Power  delivered  to  tie  line  from  Station  1. 

R  »  Resistance  of  tie  line. 

X  —  Reactance  of  tie  line. 

Station  1  delivers  power  to  line. 

Station  2  receives  power  from  line 

X/R  -  1     Ei/Ei  -  0.80 

as  station  1  or  the  transmitting  station,  and  the  station  re- 
ceiving power  from  the  tie  line  will  be  designated  as  station  2 
or  the  receiving  station. 

If  station  2  speeds  up  so  as  to  lead  station  1  by  the  angle 
ai,  the  voltage  on  the  tie  line  is  increased  to  ei  and  the  current 
to  1 1,  but  since  /i  is  at  right  angles  to  E,  the  power  transmitted 
from  station  1  to  station  2  is  zero.  Thus  station  2,  by  ad- 
vancing position  from  position  E2  to  position  Ei  has  taken 
from  station  1  an  additional  load  equal  to  P2.  On  the  other 
hand,  if  station  2  lags  behind  the  angle  as,  the  current  becomes 
/,  and  power  Pa,  so  that  station  2  has  then  dropped  an  amount 
of  load  equal  to  Pz  —  Pi  which  amount  has  been  taken  up  by 
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Station  1,  loading  up  the  tie  line  still  further  until  a  cert^  criti- 
cal angle  of  lag  is  reached  beyond  which  the  load  transmitted 
over  the  tie  line  decreases  instead  of  increases. 

The  curves  of  Fig.  2  show  how  the  amount  of  power  trans- 
mitted— or  load  transferred — over  tie  lines  having  the  same  re- 
^taAce,  but  different  reactances,  varies  with  variation  in  the 
phase  angle  between  the  voltages  of  the  plants  tied  together. 
These  curves  represent  the  theoretical  transmission  of  power, 
on  the  assumption  that  the  line  copper  losses  are  part  of  the 
load  carried  from  the  plant  busses  and  are  divided  between 
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the  plants  in  proportion  to  their  bus  voltages.  This  was 
done  in  order  to  show  the  real  transfer  of  load  that  takes  place 
between  the  two  plants.  These  curves,  and  all  other  curves  in 
this  paper  are  calculated  for  three-phase  transmission,  the 
values  of  power  being  the  total  power  transmitted  and  the 
values  of  voltage,  the  voltage  between  line  wires  of  the  circuit. 
The  forces  tending  to  pull  paralleled  plants  out  of  phase  are 
produced  by  the  variations  in  the  supply  of  power  to  the  genera- 
tors and  by  the  variations  in  the  loads  drawn  from  their  busses. 
For  example,  assuming  that  the  steam  governing  devices  are 
set  so  as  to  make  the  two  plants  share  the  total  load  equally 
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at  all  times,  one-half  of  any  increase  in  the  load  on  the  bus  of 
one  station  would  have  to  be  carried  by  the  other.  That  this 
could  be  done,  the  station  at  whose  bus  the  increase  occurred 
would  have  to  drop  behind  by  a  phase  angle  sufficiently  large 
to  permit  of  the  necessary  additional  amount  of  power  being 
transmitted  over  the  tie  line  to  meet  the  new  condition.  The 
higher  the  impedance  of  the  tie  line,  the  greater  will  be  the 
phase  angle  required ;  and  if  the  increase  in  load  takes  place 
suddenly,  the  lagging  plant  will  at  first  drop  too  far  behind 
because  of  its  inertia,  and  will  perform  several  "vibrations" 
before  coming  stable  in  its  new  position.  In  practise,  therefore, 
the  phase  angle  is  constantly  varying,  the  degree  of  variation 
depending  on  the  magnitude  and  rapidity  of  the  load  fluctua- 
tions and  on  the  impedance  of  the  tie  line.  If  it  varies  too 
rapidly  or  over  too  wide  a  range,  an  unstable  or  "pumping" 
condition  will  be  created,  which  will  cause  swinging  loads  on 
the  machines  and  bad  voltage  fluctuations,  and  may  sufficiently 
increase  the  current  in  the  tie  line  to  open  the  line  breakers  and 
separate  the  plants.  To  obtain  satisfactory  parallel  operation, 
therefore,  the  resistance  and  reactance  of  the  tie  line  must  be 
low  enough  to  permit  of  a  sufficiently  free  exchange  of  power 
between  plants  so  that  under  the  most  severe  conditions  of 
load  fluctuations  the  phase  angle  between  stations  will  never 
vary  sufficiently  to  cause  harmfully  unstable  conditions  or  to 
open  line  breakers.  In  general,  practical  limitations  of  carry- 
ing capacity  of  the  conductor  and  of  line  losses  limit  the  maxi- 
mum permissible  phase  angle  to  from  10  to  30  degrees. 

The  ability  of  any  line  to  hold  two  plants  together  in  satis- 
factory parallel  operation  may  be  called  its  "Synchronizing 
Power,"  which  is  defined  as  the  change  in  the  amount  of  power 
that  the  line  will  transmit  for  each  degree  change  in  phase  dis- 
placement of  the  voltages  of  the  stations  it  ties  together. 
Mathematically,  this  means  the  rate  of  change  in  power  trans- 
mitted with  respect  to  change  in  phase  angle,  and  is  represented 
by  the  "slope"  of  the  curves  of  Fig.  2.  The  formula  is  as 
follows: 

1  c\c\c\       ~y^      cos  G. 

where 
El  =  voltage  at  transmitting  station, 
£'2=  voltage  at  receiving  station. 
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X   =  the  reactance  of  the  tie  line. 

Z    —  the  impedance  of  the  tie  line. 

a    =  the  phase  angle  between  £^1  and  £,. 

Pa  =  synchronizing  power  in  kilowatts. 

To  be  rigidly  accurate,  the  X  and  Z  used  above  should  in- 
clude the  armature  windings  and  bus  connections  of  the  genera- 
tors at  the  plants,  but  as  these  generally  have  very  low  im- 
pedance compared  to  the  impedance  of  the  line,  they  can  or- 
dinarily be  neglected. 

On  a  given  line,  the  greatest  change  in  the  amount  of  power 
transmitted  for  a  given  chan^  in  phase  angle  between  the 
station  voltages  occurs  when  the  phase  angle  is  zero,  while 
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the  least  change  occurs  when  the  angle  is  90  degrees.  (See 
Fig.  2).  The  synchronizing  power  of  a  given  line  is  therefore 
a  maximum  when  the  phase  angle  is  zero  and  zero  when  the 
phase  angle  is  90  degrees.  Since  the  phase  angle  increases  as 
the  load  transmitted  increases,  the  synchronizing  power  de- 
creases as  the  load  transmitted  increases. 

The  curves  of  Fig.  3  show  the  synchronizing  power  of  lines 
having  the  same  resistance  with  varying  reactances,  when 
carrying  loads  of  from  0  to  one-half  the  synchronizing  power 
of  the  line.  It  will  be  seen  that  for  a  line  of  given  resistance  the 
synchronizing  power  is  greatest  when  the  reactance-resistance 
ratio  of  the  line  is  unity  and  decreases  rapidly  as  this  ratio 
changes  from  unity  value. 
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While  the  synchronizing  power  of  a  line  as  defined  above  may 
be  easily  calculated,  it  is  not  so  easy  to  determine  the  amount  of 
synchronizing  power  that  is  necessary  in  a  given  case  to  secure 
satisfactory  parallel  operation.  This  will  depend  on  many 
factors — among  them  the  tjrpes  of  prime  movers  and  their 
load-speed  characteristics,  and  the  character  of  the  load  de- 
livered from  the  busses  of  the  two  plants.  Reciprocating 
engine  plants  will  require  higher  synchronizing  power  than 
turbine  plants.  Loads  having  rapid  and  large  fluctuations 
will  require  more  synchronizing  power  than  steady  loads.  In 
checking  up  a  number  of  actual  cases,  it  has  been  found  that 
und^r  the  conditions  of  fluctuating  power  load  as  found  in  the 
Pittsburgh  district,  the  least  line  synchronizing  power  which 
will  give  satisfactory  parallel  operation  of  large  turbine  plants, 
with  the  relatively  steady  load  of  large  systems,  is  a  synchroniz- 
ing power  approximately  equal  to  the  capacity  of  the  smaller 
plant  to  be  paralleled,  while  with  smaller  plants,  consisting 
partly  of  reciprocating  engines  and  partly  of  turbines  and  the 
relatively  high  load  fluctuations  of  the  smaller  systems,  the 
tie  line  to  give  stable  operation  must  have  a  synchronizing 
power  equal  to  not  less  than  1.5  times  the  capacity  of  the 
smaller  plant. 

Inasmuch  as  the  synchronizing  power  of  a  tie  line  depends 
upon  a  number  of  factors  as  explained  above,  it  is  obvious  that 
any  accurate  criterion  of  the  ability  of  a  given  line  to  hold  two 
plants  together  must  take  account  of  all  these  factors.  For 
example,  it  is  sometimes  said  that  a  line  having  a  capacity 
equal  to  a  certain  percentage  of  that  of  the  smaller  plant  to 
be  paralleled  will  give  satisfactory  operation.  Yet  two  lines 
may  be  designed  for  just  this  capacity  at  the  same  voltage  with 
widely  different  synchronizing  powers.  For  similar  reasons 
it  cannot  be  assumed  that  a  line  which  develops  not  more  than 
a  certain  copper  loss  will  be  satisfactory,  for  such  a  statement 
does  not  take  account  of  all  of  the  variables. 

Synchronizing  power  of  the  tie  line  becomes  a  limiting  factor 
when  the  line  voltage  is  low  for  the  distance  transmitted. 
When  the  value  of  volts  per  mile  is  relatively  high,  the  syn- 
chronizing power  will  be  found  ample. 

Synchronizing  power  must  be  given  eqxial  consideration 
whether  there  are  generators  or  loaded  synchronous  motors 
at  the  receiving  end  of  the  line.  It  is  unimportant  in  connec- 
tion with  synchronous  condensers,  however,  since  the  energy 
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which  they  take  is  always  a  very  small  percentage  of  the  maxi- 
mum power  transmitted  over  the  line. 

The  division  of  load  between  two  plants  in  parallel  depends 
of  course  upon  the  governor  adjustments  on  the  steam  end  of 
the  prime  movers;  the  division  of  wattless  load  associated 
with  the  energy  load  depends  upon  the  voltages  generated  by 
the  two  plants  and  may  be  entirely  different  from  the  division 
of  real  load  or  energy  supply.  Thus  the  plant  at  one  end  of  a 
line  might  supply  all  of  the  energy  required  while  the  plant  at 
the  other  end  might  supply  all  of  the  wattless  load. 

By  suitable  voltage  adjustments  the  plant  which  supplies 
power  to  the  tie  line  may  be  made  always  to  supply  the  wattless 
component  associated  with  that  power — under  which  condition 
the  difference  in  voltage  at  the  two  busses  will  vary  with  the 
load  on  the  line,  being  zero  at  no-load  and  a  maximum  when 
the  maximum  load  is  transmitted.  Ordinarily,  however,  this 
operation  produces  too  wide  a  range  of  voltage  at  the  station 
busses  to  be  satisfactory,  and  it  becomes  necessary  to  regulate 
the  voltages  within  a  closer  range.  This  is  possible,  since  the 
difference  in  voltage  which  is  developed  between  the  two  ends 
of  a  transmission  line  when  power  is  transmitted  over  it,  de- 
pends not  only  on  the  amount  of  power  transmitted  but  also 
on  the  amount  of  wattless  energy.  Given  a  certain  voltage 
difference  to  be  maintained  between  the  ends  of  the  line,  there 
is  a  certain  amount  of  load  which  with  the  wattless  component 
associated  with  it,  will  just  absorb  that  voltage  difference. 
When  the  power  transmitted  is  less  than  this  value  it  becomes 
necessary  in  order  to  maintain  the  required  voltage  difference 
to  set  up  a  wattless  cross  current  between  the  generators  of 
the  two  stations,  which  current  has  the  effect  of  lowering  the 
power  factor  of  the  transmitting  station  and  raising  the 
power  factor  of  the  receiving  station.  When  the  power  trans- 
mitted is  more  than  the  given  value,  the  cross  current  must 
be  in  the  opposite  phase  and  has  the  opposite  effect  on  the 
power  factors  of  the  two  stations.  The  result  is  that  the  trans- 
mitting station  has  excess  wattless  current  to  take  care  of  when 
the  load  on  the  tie  line  is  light  while  the  receiving  station  has 
excess  wattless  current  to  take  care  of  when  the  load  on  the 
tie  line  is  heavy.  This  is  provided  for  by  installing  generators 
rated  at  a  sufficiently  low  power  factor  or  by  installing  syn- 
chronous condensers.  At  stations  where  the  excessive  cross 
current  occurs  only  at  periods  of  light  load,  more  generators 
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of  normal  power  factor  rating  may  be  run  at  such  periods  than 
would  be  required  by  the  energy  load  only— a  method  which 
is  wasteful  of  coal,  but  may  be  more  economical  than  the  in- 
stallation of  additional  equipment  to  take  care  of  oflF-peak 
wattless  current. 

Fig.  4  shows  how  the  wattless  current  in  lines  of  different 
characteristics  must  be  varied  as  the  energy  transmitted 
varies,  in  order  to  m^ntain  constant  bus  voltages  at  both 
stations.  Where  the  curves  are  below  the  horizontal  zwo 
line  the  wattless  current  in  the  tie  line  is  lagging  with  respect 
to  the  voltage  of  the  transmitting  station  and  leading  with 
respect  to  that  of  the  receiving  station.    Where  the  curves 
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are  above  the  zero  line,  the  wattless  current  is  leading  with 
respect  to  the  voltage  of  the  transmitting  station  and  lagging 
with  respect  to  the  voltage  of  the  receiving  station. 
The  important  points  brought  out  by  the  curves  of  Fig.  4  are: 

(1)  The  variation  in  wattless  current  for  a  pven  variation 
in  load  is  very  much  greater  where  the  reactance-resistance 
ratio  of  the  line  is  low  than  where  it  is  high.  This  means  that 
the  wattless  cross  current  required  to  maintain  constant  bus 
voltages  and  the  excess  copper  losses  and  wattless  generating 
capacities  arising  therefrom  increase  very  rapidly  as  the  reac- 
tance-resistance ratio  of  the  line  decreases. 

(2)  When  the  same  voltage  is  maint^ned  on  the  busses  of 
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both  stations  and  load  is  transmitted  over  the  tie  line,  the 
wattless  cross  current  which  is  set  up,  always  leads  the  voltage 
of  the  transmitting  station  and  increases  as  the  load  trans- 
mitted increases.  This  means  that  the  receiving  station  not 
only  must  supply  all  of  the  wattless  current  associated  with 
the  load  received  from  the  other  station,  but  must  also  supply 
a  certain  amount  of  wattless  cross  current  to  the  line  in  order 
to  hold  up  the  bus  voltage. 

(3)  In  order  that  the  lagging  wattless  current  associated 
with  a  given  load  as  well  as  the  load  itself  may  be  transmitted 
by  the  tie  line,  the  voltage  at  the  receiving  station  must  be 
lower  than  that  of  the  transmitting  station. 

(4)  In  view  of  the  conditions  shown  by  Fig.  4,  it  is  necessary 
when  laying  out  an  installation  in  which  constant  voltages  are 
to  be  maintained  at  the  power  station  busses,  to  consider  the 
conditions  created  when  the  minimum  amount  of  power,  as 
well  as  when  the  maximum  amount  is  transmitted  over  the 
tie  line. 

In  this  connection  it  is  interesting  to  note  that  the  maximum 
amount  of  power  which  can  be  transmitted  over  a  given  line 
is  independent  of  the  reactance  when  sufficient  wattless  current 
can  be  generated  at  the  end  of  the  line,  and  depends  only  on 
the  resistance  of  the  line.  It  is  that  amount  of  power  which 
equals  the  square  of  the  transmitting  voltage  divided  by  four 
times  the  resistance.  The  voltage  at  the  receiving  end  to  give 
the  maximum  power  is  equal  to  the  impedance  divided  by 
twice  the  resistance,  hence  is  one-half  of  the  transmitting  volt- 
age when  there  is  no  reactance,  is  equal  to  the  transmitting 
voltage  when  the  reactance  is  1.732  times  the  resistance,  and 
is  greater  than  the  transmitting  voltage  for  a  greater  reactance. 
The  very  excessive  line  loss  and  wattless  generating  capacity 
required  at  the  receiving  end  prohibit  ever  taking  from  a  line 
the  maximum  amount  of  power  that  it  can  transmit. 

When  it  becomes  necessary  to  maintain  the  same  bus  voltages 
at  both  stations  with  very  light  loads  transmitted  as  are  main- 
tained at  full  load,  the  wattless  cross  current  may  develop  into 
an  item  of  considerable  cost.  For  this  reason  it  becomes  de- 
sirable to  reduce  it  as  much  as  possible.  This  can  be  done  in 
two  ways  as  follows: 

a.  By  varying  the  voltage  delivered  to  the  tie  line  at  the 
transmitting  station  as  the  load  varies. 

b.  By  varying  the  impedance  of  the  tie  line  as  the  load  varies. 
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The  voltage  delivered  to  the  tie  line  is  varied  through  the 
use  of  taps  on  the  line  transformers,  or  by  means  of  an  inductive 
regulator  or  synchronous  booster.  This  method  causes  little 
variation  in  the  synchronizing  power  of  the  tie  lines,  but  in- 
volves considerable  expense  for  special  equipment. 

The  impedance  of  the  tie  line  is  varied  through  the  use  of 
reactance  external  to  the  lines  or,  when  the  tie  circuit  consists 
of  several  lines  in  parallel,  by  varying  the  number  of  lines  in 
service.  Both  of  these  methods  decrease  the  synchroniznig 
power  as  the  impedance  is  increased,  but  involve  little  or  no 
cost  for  special  equipment,  and  will  be  found  of  very  real  value 
in  many  cases.  It  often  happens  that  by  a  simple  switching 
operation  some  of  the  short-circuit  limiting  reactances  at  the 
power  stations  can  be  switched  into  the  lines  used  for  parallel- 
ing, so  that  the  impedance  of  these  lines  can  be  materially  in- 
creased at  light  load  periods.  Changing  the  number  of  lines 
in  service  is  of  course  accomplished  by  the  use  of  the  switches 
regularly  installed  with  the  lines,  and  so  requires  no  special 
equipment  at  all. 

The  design  of  a  line  to  transmit  a  given  amount  of  power 
over  a  given  distance  involves  a  consideration  of  voltage,  resis- 
tance, reactance,  losses,  and  charging  current  of  the  line,  and 
of  wattless  generating  capacity  in  the  form  of  synchronous 
condensers  at  the  receiving  end  of  the  line.  The  selection  of 
the  proper  voltage  involves  many  factors  outside  of  the  scope 
of  this  paper,  and  will  not  be  discussed.  To  obtain  a  minimum 
total  cost  of  line  at  any  given  voltage,  the  annual  cost  of  the 
copper  losses  in  the  line  should  equal  the  annual  cost  of  the 
investment  in  copper;  then,  in  order  to  obtain  the  minimum 
total  cost  of  transmission,  the  proper  size  of  synchronous  con- 
denser should  be  installed  at  the  end  of  the  minimum  cost  line 
to  give  the  minimum  total  cost  of  line  and  condenser  per  kilo- 
watt delivered  at  the  end  of  the  line.  Thus  the  cost  of  copper 
and  copper  losses  determine  the  resistance  of  the  line,  while 
the  cost  of  synchronous  condenser  capacity  in  relation  to  the 
cost  of  the  line  determines  how  many  kilowatts  will  be  trans- 
mitted for  each  ampere  of  line  current,  by  fixing  the  power 
factor  of  the  load  transmitted,  and  what  is  equally  important, 
the  voltage  at  the  receiving  end  of  the  line.  The  charging  cur- 
rent due  to  the  capacitance  of  the  line  produces  the  effect  of 
approximately  the  equivalent  number  of  kilovolt-amperes  in 
synchronous  condenser  capacity  located  at  the  middle  point 
of  the  line  and  supplied  with  no  additional  investment. 
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When  a  line  is  to  be  designed  for  paralleling  two  plants,  the 
minimum  as  well  as  the  majiimmn  amount  of  power  to  be 
transmitted,  and  the  direction  of  transmission  of  each,  must 
be  determined  from  the  characteristic  curves  of  the  loads  sup- 
plied from  the  two  busses,  from  the  operating  schedules  desired 
of  the  prime  movers  at  the  respective  stations,  and  to  a  lesser 
degree,  from  the  load-speed  characteristics  of  the  machines  and 
the  fluctuating  or  steady  nature  of  the  load.     The  synchroniz- 
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ing  power  must  also  be  given  due  consideration,  and  if  constant 
bus  voltages  are  to  be  maintained  with  a  variable  load  trans- 
mitted between  stations,  the  cost  of  the  additional  line  loss 
and  additional  wattless  generating  capacity  required  because 
of  the  cross  current,  as  well  as  the  cost  of  the  line  and  syn- 
chronous condenser  capacity,  must  be  considered  in  designing 
the  line  for  minimum  total  cost  of  operation. 

In  Fig.  5,  curves  have  been  calculated  on  the  basis  just 
outlined  to  determine  the  minimum  total  cost  of  transmisaon 
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of  a  constant  amount  of  power  at  a  fixed  voltage  per  mile, 
and  the  synchronizing  power  of  the  line  resulting  therefrom 
for  various  values  for  the  ratio  of  reactance  to  resistance  of 
the  line.    The  following  figures  have  been  assumed  as  a  basis: 

Transmission  voltage,  1000  volts  per  mile. 

Cost  of  copper,  22  cents  per  pound. 

Cost  of  synchronous  condenser  capacity,  $5.00  per  kv-a. 

Losses  of  condenser,  0.035  kw.  per  kv-a.  of  capacity. 

Annual  cost  of  investment,  15  per  cent. 

Cost  of  energy,  2  mills  per  kilowatt-hour. 

Power  factor  of  load  delivered  from  busses  of  both  stations, 
80  per  cent. 

Load  factor,  50  per  cent. 

Range  of  load  transmitted,  0  to  maximum. 

The  reactance-resistance  ratio  of  the  line  is  determined  chiefly 
by  the  frequency,  size-of  conductors,  and  design  of  the  step-up 
and  step-down  transformers.  The  inherent  reactance  of  trans- 
formers goes  up  rapidly  with  their  voltage,  because  of  the  in- 
creased spacing  required  between  their  high-  and  low-tension 
windings,  and  low  reactance  at  high  voltages  is  attained  only 
by  an  abnormal  and  costly  design.  The  reactance  of  a  given 
line  at  given  frequency,  therefore,  can  only  be  reduced  by 
splitting  it  up  into  a  number  of  parallel  lines  having  smaller 
conductors  and  providing  abnormally  designed  transformers, 
both  of  which  methods  are  very  costly.  On  the  other  hand, 
the  reactance  of  a  line  can  be  readily  increased  to  almost  any 
desired  value  for  a  few  per  cent  of  the  cost  of  the  line  by  the 
installation  of  reactance  coils.  It  is  therefore  fortunate  that 
good  voltage  regulation  can  be  attained  with  high  reactances. 

High  voltage  lines  are  generally  designed  for  large  blocks 
of  power,  makijd  the  combined  reactance  of  the  large  conduc- 
tors and  of  the  transformers  inherently  high.  Low  voltage 
lines,  with  relatively  small  conductors,  and  often  no  transform- 
ers, have  inherently  low  reactance. 

On  the  left  hand  side  of  the  curve  sheet.  Fig.  5,  are  shown 
the  conditions  where  the  bus  voltage  of  the  receiving  station 
varies  with  the  load.  As  the  reactance-resistance  ratio  in- 
creases from  1  to  5.5,  the  total  cost  of  transmission  increases 
16  per  cent,  showing  that  high  reactance  means  a  slight  in- 
crease in  total  cost  of  transmission,  under  the  minimum  cost 
conditions.  The  synchronous  condenser  capacity  goes  up 
from  0.33  kv-a.  per  kilowatt  transmitted,  corresponding  to 
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90  per  cent  power  factor  lagging  in  the  line,  to  1.06  kv-a.  per 
kilowatt  transmitted,  corresponding  to  95  per  cent  power 
factor  leading  in  the  line.  Unity  power  factor  obtains  when 
the  reactance-resistance  ratio  is  1.8.  The  cost  of  the  condenser 
capacity  varies  from  9  per  cent  to  35  per  cent  of  the  cost  of 
the  line  and  line  losses. 

On  the  right  hand  side  of  Fig.  5  are  shown  conditions  when 
the  bus  voltages  are  held  constant  as  the  load  on  the  line  is 
varied  from  zero  to  the  maximum  for  which  the  line  is  designed. 
The  wattless  cross  current  necessary  to  maintain  constant  bus 
voltages  introduces  an  additional  element  of  cost,  so  that  the 
total  cost  is  higher  than  before  for  all  values  of  the  reactance- 
resistance  ratio  of  the  line.  Furthermore,  the  total  cost  in- 
creases, ihstead  of  decreases,  as  this  ratio  decreases.  This  is 
because,  with  a  given  line  resistance,  the  cross  current  required 
to  maintain  constant  voltage  increases  rapidly  as  the  reactance 
decreases,  as  is  indicated  by  the  curve  showing  the  wattless 
cross  current  required  with  no  power  transmitted,  which  runs 
from  zero  for  a  reactance-resistance  ratio  of  5.7  up  to  0.67 
kv-a.  per  kilowatt  of  line  capacity  when  the  ratio  is  imity. 
The  minimum  attainable  cost  under  these  conditions  is  how- 
ever very  nearly  reached  when  the  reactance-resistance  ratio 
is  2.5,  so  that  the  only  advantage  to  be  gained  by  a  greater 
proportion  of  reactance  is  the  raising  of  the  voltage  at  the  re- 
ceiving end  of  the  line,  a  feature  which  is  only  of  importance 
when  power  is  transmitted  in  both  directions. 

Under  constant  voltage  conditions,  more  synchronous  con- 
denser capacity  is  used,  with  the  result  of  raising  the  voltage 
at  the  receiving  station  and  cutting  out  sufficient  wattless  cross 
current  to  more  than  pay  for  the  additional  condenser  capacity. 
The  cost  of  the  condenser  capacity  runs  from  30  per  cent  to  40 
per  cent  of  the  cost  of  the  line  and  line  losses. 

The  ratio  of  synchronizing  power  to  maximum  load  trans- 
mitted over  the  specified  tie  line  varies  from  approximately  6, 
when  the  reactance-resistance  ratio  is  1,  down  to  1.3  when  the 
ratio  is  5.7 — slightly  higher  than  before  because  of  the  higher 
receiving  voltages. 

PR  X  10 
The  curve  giving  values  of  — ^-g —  may  be  called  the  de- 
sign curve.    With  the  transmission  voltage  Ei  fixed,  the  resis- 
tance R  of  the  line  which  will  transmit  a  given  amount  of  power 
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P  at  minimum  cost,  or  the  amount  of  power  P  which  can  be 
transmitted  at  minimum  cost  per  kilowatt  over  a  line  having  a 
given  resistance  R  can  be  obtained  immediately  from  this 
curve. 

Comparing  the  curves  under  the  condition  of  variable  or 
constant  bus  voltage,  it  is  found  that  for  a  reactance-resistance 
ratio  in  the  line  of  5.7,  the  constant  bus  voltages  are  obtained 
at  practically  no  additional  cost.  As  the  ratio  decreases, 
however,  the  cost  of  securing  constant  bus  voltages  increases, 
being  8  per  cent  of  the  total  transmission  cost  for  a  ratio  of  3, 
and  31  per  cent  for  a  ratio  of  1.  If  the  inherent  reactance  of 
a  specified  line  is  not  high  enough  to  give  economical  operation 
additional  reactance  in  the  form  of  reactance  coils  can  be  in- 
serted at  a  cost  of  only  a  few  per  cent  of  the  cost  of  the  line. 
Under  the  conditions  assumed,  therefore,  constant  bus  voltages 
should  be  obtained  for  an  increase  of  not  more  than  10  per  cent 
of  the  total  cost  of  transmission — which  is  a  very  low  cost 
for  the  advantages  to  be  gained  thereby. 

The  transmission  voltage  in  relation  to  the  distance  of  trans- 
mission has  a  very  direct  bearing  on  the  line  design  problem. 
In  the  curves  it  has  been  assumed  to  be  1000  volts  per  mile  of 
line.  If  the  number  of  volts  per  mile  is  lower,  more  synchron- 
ous condenser  capacity  will  be  used  and  the  synchronizing 
power  will  be  decreased  and  may  become  the  limiting  factor 
of  the  design,  especially  when  the  power  to  be  transmitted  is 
a  small  part  of  the  station  capacity.  In  this  case,  it  becomes 
necessary  to  use  more  copper  than  is  required  for  the  load,  or 
to  reduce  the  reactance,  or  to  do  both,  in  order  to  obtain  suflB- 
cient  synchronizing  power. 

If  the  number  of  volts  per  mile  is  greater  than  1000,  less 
synchronous  condenser  capacity  will  be  used  and  more  syn- 
chronizing power  will  be  obtained  than  is  indicated  in  Fig.  5. 

In  general,  it  will  be  found  that  where  constant  bus  voltages 
are  necessary,  the  best  tie  line  will  be  the  one  which  has  the 
greatest  reactance  consistent  with  the  necessary  synchronizing 
power.  Transmission  with  high  reactance,  however,  necessi- 
tates an  ample  amount  of  wattless  generating  capacity  at  the 
receiving  station,  in  order  to  hold  up  the  voltage.  Where 
this  is  not  available,  so  that  a  considerable  amount  of  wattless 
current  must  be  supplied  with  the  load  from  the  transmitting 
station,  high  line  reactance  is  impracticable  and  the  cost  of 
maintaming  constant  bus  voltages  is  greatly  increased. 
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In  Figs.  6  and  7  are  shown  data  worked  out  for  specific  cases, 
to  determine  how  the  wattless  cross  current  could  be  reduced. 
In  both  cases  it  was  necessary  to  maintain  constant  bus  voltages 
at  the  two  plants  to  be  paralleled.  In  Fig.  6,  loads  vjirying 
from  0  to  15,000  kw.  were  to  be  transmitted  from  one  station 
to  the  other.  In  order  to  keep  the  excess  wattless  current — 
by  which  is  meant  the  wattless  current  which  either  station 
would  be  called  upon  to  supply  in  addition  to  that  associated 
with  the  real  load  it  was  delivering — below  the  limit  of  4000 
kv-a.,  it  was  necessary  to  provide  four  additional  taps  on  the 


Solid  Lines  show  Excess 
Doited  Lines  show  Exwss  .Wattless  Current  supplied 
Wattless  Oirrent  supplied  /  by  Plant  receiiiing  Power 
'■■■  Plant  suppljing  Povfertoyi  from  Tie  Une 


line  transformers  and  four  additional  oil  switches  at  the  trans- 
mitting station  to  give  the  voltages  as  shown.  Fig.  7  shows 
how  in  a  given  case,  where  two  lines  tie  the  two  plants  together, 
the  wattless  cross  current  was  reduced  at  light  load  periods 
by  switching  in  a  bus  limiting  reactance  already  installed,  which 
happened  to  be  just  large  enough  to  double  the  reactance-resist- 
ance ratio  of  the  line.  Fig.  7  also  shows  the  effect  of  cutting 
out  one  of  the  two  tie  lines. 

Fig.  8  is  a  chart  which  was  worked  out  to  guide  the  system 
operators  in  regulating  the  cross  current  between  the  stations 
connected  by  two  lines.     If  two  lines  are  in  service  and  the 
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power  factor  drops  below  45  per  cent,  one  line  is  immediately 
cut  out.  This  doubles  the  kilowatts  transmitted  by  the  re- 
maining line,  but  does  not  increase  its  current,  so  that  by  cutting 
out  the  other  line  approximately  180  amperes  of  cross  current 
are  eliminated. 

In  concluding  with  a  brief  summary,  it  must  be  borne  in 
mind  that  in  designing  a  tie  line  to  meet  any  specified  condition 
many  variables  enter  the  problem.  In  general,  costs  of  copper, 
steel,  and  coal  go  up  and  down  together,  so  that  absolute  costs 
are  not  so  important  as  relative  costs  of  these  items.  The  load 
factor  of  the  power  transmitted  affects  the  overall  costs  of 


line  losses,  and  therefore  the  amount  of  the  copper  used.  The 
transmission  voltage  in  relation  to  the  transmission  distance 
has  a  very  direct  bearing  on  the  amount  of  synchronous  con- 
denser capacity  to  be  used,  and  on  the  synchronizing  power  of 
the  line.  Since  the  data  and  curves  which  have  been  shown 
are  based  upon  a  series  of  specific  assumptions,  which  while 
sufficiently  correct  under  the  conditions  at  hand,  might  have 
to  be  materially  changed  to  meet  other  conditions,  the  data 
presented  are  of  interest  in  showing  the  relative  weight  of  the 
different  factors  rather  than  in  determining  absolute  values. 
It  is  hoped  that  in  showing  the  effect  of  the  different  variables 
on  the  problem  as  a  whole,  a  guide  may  be  furnished  to  the 
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lines  which  should  be  followed  in  working  out  any  spedfic 
case.  With  these  limitations  in  mind,  the  following  points 
may  be  emphasized: 

In  order  to  operate  two  power  plants  satisfactorily  in  parallel 
the  transmission  line  which  ties  them  together  must  have 
sufficient  "synchronizing  powra*,"  as  well  as  sufficient  carrying 
capacity  to  carry  the  maximum  load  to  be  transmitted  between 
them.  The  synchronizing  power  of  a  given  line  depends  upon 
its  re«3tance  and  reactance,  upon  the  bus  voltages  maintained 
at  its  ends,  and  upon  the  maximum  kilovolt  amperes  it  must 
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transmit.  The  ability  of  different  lines  to  provide  satisfactory 
parallel  operation  cannot  be  measured  by  any  standard  which 
does  not  take  account  of  all  of  these  factors.  It  has  been 
found  from  the  writer's  experience  that  a  synchronizing  powo- 
about  equal  to  the  kilowatt  capacity  of  the  smaller  plant  to  be 
paralleled,  for  large  turbine  plants  with  load  fluctuations  of 
relatively  small  percentage  of  their  capacity,  and  of  1.5  times 
the  smaller  plant  capacity  for  mixed  engine  and  turbine  plants 
with  relatively  large  load  fluctuations,  is  about  the  least  that 
a  line  can  have  to  g^ve  satisfactory  parallel  operation. 
When  the  voltage  p^  mile  of  transmission  is  high,  line 
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capacity,  as  determined  by  load  and  operating  conditions  at 
the  two  stations,  is  the  limiting  factor;  when  the  voltage  per 
mile  is  low,  synchronizing  power  more  often  marks  the  limit, 
especially  when  the  reactance  is  high  and  the  load  to  be  trans- 
mitted relatively  small.  The  necessity  for  snflScient  line 
synchronizing  power  applies  equally  whether  generators  or 
loaded  synchronous  motors  are  at  the  end  of  the  line,  but  is 
unimportant  in  connection  with  synchronous  condensers  at  the 
end  of  the  Hne. 

The  design  of  equipment  for  transmitting  a  block  of  power 
over  a  given  distance  at  minimum  cost  must  take  into  account 
the  use  of  synchronous  condenser  capacity  at  the  receiving  end 
of  the  line.  The  condenser  is  effective  in  raising  the  receiving 
voltage  as  well  as  in  controlling  the  transmission  power  factor, 
and  materially  reduces  the  amount  of  copper  required  in  the 
line.  The  amount  of  condenser  capacity  which  may  be 
economically  used  depends  on  the  power  factor  of  the  load,  the 
relation  between  the  cost  of  line  capacity  and  condenser 
capacity,  and  the  reactance-resistance  ratio  of  the  line.  Where 
'  this  ratio  is  high,  sufficient  condenser  capacity  may  be  justified 
to  produce  a  considerable  leading  component  in  the  tie  line 
current.  In  a  line  of  given  resistance,  with  the  receiving 
voltage  imregulated,  the  total  cost  of  transmission  increases 
slightly  with  the  increase  in  reactance. 

Where  synchronous  machines  of  suflBcient  capacity,  either 
condensers  or  generators,  are  installed  at  both  ends  of  the  line, 
the  bus  voltage  of  both  stations  can  be  maintained  constant  as 
the  load  transmitted  over  the  line  varies,  by  the  creation  of  a 
wattless  cross  current.  This  wattless  current,  however, 
involves  an  additional  cost  in  copper  loss  and  in  the  wattless 
generating  capacity  required  at  one  or  both  stations  to  take 
care  of  it,  which  cost  is  small  when  the  reactance-resistance 
ratio  of  the  line  is  suflBciently  high,  but  which  rapidly  increases 
as  the  reactance  decreases,  and  for  low  line  reactance  becomes 
very  important.  This  wattless  current  can  be  materially 
reduced  imder  certain  conditions,  by  varying  the  voltages  at 
the  ends  of  the  line  as  the  load  varies  through  the  use  of  trans- 
former taps,  by  inserting  additional  reactance  in  the  line  at 
light  loads,  or,  when  the  stations  are  tied  together  by  several 
parallel  lines,  by  cutting  out  one  or  more  lines  as  the  load 
decreases. 

The  increase  in  the  cost  of  transmission  with  constant  bus 
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voltages  caused  by  this  wattless  cross  current  represents  the  cost 
of  eliminating  the  regulation  of  the  tie  line.  The  wattless  cross 
current  decreases  as  the  reactance-resistance  ratio  of  the  line 
increases,  but  the  synchronizing  power  also  decreases.  Hence  it 
will  generally  be  found  that  the  best  design  of  transmission 
equipment  for  constant  bus  voltages  is  that  which  makes  the 
reactance  of  the  line  as  high  as  is  permissible  for  the  synchroniz- 
ing power  required.  With  such  a  design,  the  cost  of  maintain- 
ing  constant  bus  voltages — that  is,  of  eliminating  the  regulation 
of  the  tie  line — does  not  amount  to  more  than  a  few  per  cent  of 
the  total  cost  of  transmission,  which  is  a  very  small  price  to  pay 
for  the  operating  advantages  gained.  It  must  be  remembered, 
however,  that  to  obtain  constant  bus  voltages  at  this  slight 
cost,  the  installation  of  sufficient  wattless  generating  capacity 
at  the  receiving  station  is  absolutely  essential — sl  feature, 
unfortunately,  that  is  too  often  lacking  in  existing  systems. 

APPENDIX 

In  what  follows,  the  formulas  are  developed  which  were 
used  in  calculating  the  data  presented  in  the  foregoing  paper. 
'    Referring  to  Fig.  9, 
Let  E  or  El  =  Voltage  at  transmitting  station. 

E2  or  kE  =  Voltage  at  receiving  station. 

Eo  =  Voltage  across  tie  circuit. 

k  =  E2/E 

a  =  Angle  between  E  and  E2 

z  =  Impedance  of  tie  circuit 

r  =  Resistance  of  tie  circuit 

X  =  Reactance  of  tie  circuit 

fi  =  tan~^  x/r 

Pi  =  Power  delivered  to  tie  circuit  by  transmitting 

station  in  watts. 

Wi  =  Wattless  delivered  to  tie   circuit  by  trans- 

mitting station  in  volt-amperes 

y  A 1         =  Total  volt  amperes  delivered  to  tie  circuit  by 

transmitting  station 

P2  =  Power  received  from  tie  circuit  by  receiving 

station,  in  watts 

W2  =  Wattless  received  from  tie  circuit  by  receiving 

station  in  volt-amperes 

V  A2        =  Total  volt-amperes  received  from  tie  circuit  by 

receiving  station 
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P. 
/o 


Synchronizing  power  of  tie  circuit,  in  watts 

Current  in  tie  circuit,  in  amperes 

Angles  between  voltages  as  shown  in  Fig.  9, 


Fig.  9 — Voltage  and  Current  Relations  When  Power  is  Trans- 
mitted Over  Tib  Line 


From  the  triangle  of  voltages, 

E,  +E2         tan  J^  (02  +  di) 


El  —   £/2 


tan  Vi  {dt  -  Oi) 


1  +  k 
1-  k 


Yi  ie,  -  e,)  =  tan-»  {-Y+J  cotan  -^  ) 

H  iOt  +  Oi)  =  \4  (180  -  a)  =  90  -  a/2 
Adding  (2)  and  (3) 

1  —  Jfc 
d,  =  90  -  a/2  +  tan->  -r-rj  cotan  a/2 


whence 


tan  (90  -  0,)  = 


1  —  jfc 
tan  a/2  —  ^       .  cotan  a/2 

1  —  k 
1  +  .       .  tan  a/2  cotan  a/2 


(1) 


(2) 


(3) 


(4) 


cos  a 


sm  a 


Therefore 

cotan  (180  -  ^2)  =  -  tan  (90  -  ^2)  = 
Subtracting  (2)  from  (3) 


cos  a  —  k 
sin  a 


fl,  =  90  - 


a 


-  tan-i 


(^ 


l-k 

+  k 


cotan 


T-) 


(S) 


(6) 


(7) 
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whence 

,         a      ,    1  —  A:       ,         a 
tan  -5—  +  .  cotan  -^ 

tan  (90  -  di)  = /     .      ^"^^ ^— 


-    1  —  ^  COS  a 
"       A:  sin  a 

Therefore 


A;  sin  a 

Again  from  the  voltage  triangle, 

Eo    _     Eq     _     sin  a 
E2    ""    A:  E    ^    sin  0i 

whence 


sin  01 

J       r        kE      sin  a       ,  ^r     cos  3      sin  a 

and       i 0  =  — —  .  -: — X   =  kE  . ^  .  — ; — 5- 

2      sin  01  r         sm  0i 

Now 


u,j     A:  cos  ^       sm  a  .  ^      ^  x 

=  f/2 . ^  .  -^ — 5—  .  cos  ( jS  -  di) 

r  sm  01  "^ 


(8) 


.       ^         1  —  A:  cos  a  ,-.v 

cotan  01  =  — J—; (9) 


(10) 


E,  =  l^M^  (11) 


(12) 


Pi  =  E.7o.cos(/3-  0i)  (13) 


(14) 


sin  01 

jp^     k  cos  jS       sin  a 
r  sm  01 

.  (cos  jS  cos  01  +  sin  j8  sin  0i)  (IS) 

=  E^ . ^  (cos  j8  sin  a  cotan  0i  +  sin  a  sin  j8) 

T 

(16) 
By  substituting  value  of  cotan  di  from  (9) 

Pi  =  Eyr  k  cos  0 

/•         •<?■•               ajl— fecosa)\ 
I  sin  a  sm  p  +  sm  a  cos  p  -j      <    . r   I 

(17) 
=  Eyr  k  cos  j8 

(  sin  a  sin  fi  -\ jr-^  —  cos  a  cos  /3  \         (18) 

=  f7Vr  A  cos*  j8  (sin  a  tan  /3  +  1/k  -  cos  a)       (19) 
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Again,  TFi  =  E  .  7o .  sin  ( j8  -  ^i)  (20) 

-  JP2     A;  COS  jS       sin  a 
r  sm  di 

(sin  jS  cos  di  —  cos  jS  sin  di)  (21) 

r 

(sin  a  sin  j8  cotan  di  —  sin  a  cos  /3)  (22) 

Substituting  value  of  cotan  di  from  (9) 
1^1  =  E'/r  A;  cos  j8 

(sinasinjg  |     iTsin^^"  }  -sinacosjS)  (23) 

=  -  E*/r  k  sin  /3  cos  /3 

___+cosa--^)  (24) 

=  -  E*/r  k  cos'  j8  tan  j8 

(sin  a     ,  1     \  /--v 

__  +  cosa-^g-)  (25) 

VA^^E.h^E.kE.^.-^  (26) 

^*    I  o  sin  a  ,«_. 

=   k  cos  j8  -7i— ; 7 = — rTT-  (27) 

r  '^    (1  +  cotan*  a)^  ^    ' 

E^    I        ^     .  (t*  +  1  -  2  t  cos  a)>^   ,^p, 

=  kcos  p  .  sin  a  .  -^ ■ — i— ; ^    (28) 

r  '^  A;  sm  a .  ' 

y  A,  =  EVr  cos  iS  (1  +  A:2  -  2  ifc  cos  a)M  (29) 
Similarly, 

P2      =  E2 12  cos  (iS  -  {180  -  ^2!  )  (30) 

W2     =  E2 12  sin  (iS  -  (180  -  ^2!  )  (31) 

VA2  =  E2.Io  =  kE.kE.  S2L§.,    .    ^f"/   ^.    (32) 

r         sm  (180  —02) 

From  which  are  obtained  by  substituting  for  cotan  (180  —  ^2) 

its  equal ; as  obtained  in  (6) . 

sm  a  ^ 
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W2      = 


=  Eyr  k  cos*  /3  (sin  a  tan  /3  +  cos  a  -  t)       (33) 
E^ 


k  cos*  0  tan  ^i^-^^  +  t  -  cos  a  )     (34) 


y  A2  =  Eyr  A:  cos  iS  (1  +  Jfc*  -  2  A:  cos  a)^  (35) 

Copper  Loss  in  tie  Circuit.  It  is  obvious  that  the  copper 
losses  in  the  tie  circuit  are  equal  to  the  power  delivered  to  one 
end  of  the  tie  circuit  minus  the  power  received  at  the  other  end. 
That  is,  (36) 

/o*  r  =  Pi  -  P2  =  E^r  k  cos*  0  (sin  a  tan  0  +  l/k-  cos  a) 

—  E^/r  k  cos*  j8  (sin  a  tan  j8  +  cos  a  —  t) 

=  E*/r  A:  cos*  >3  (A:  +  1/A:  -  2  cos  a)  (37) 

Synchronizing  Power,  It  may  be  assumed  that  the  elements 
of  line  loss  in  Pi  and  P2  are  variable  loads  supplied  from  the 
busses  of  transmitting  and  receiving  stations,  respectively.  On 
this  basis,  the  power  actually  transferred  from  one  station  to 
the  other  for  a  given  phase  angle  a  between  their  voltages  as 
obtained  from  (19)  to  (33)  is  found  to  be 

E*/r  k  cos*  0  sin  a  tan  /3  (38) 

or  E*/r  k  sin  jS  cos  jS  sin  a  (39) 

The  synchronizing  power  P„  is  defined  as  the  change  in  the 
amount  of  power  transferred  over  the  tie  circuit  for  one  degree 
change  in  phase  between  bus  voltages. 

Therefore  P.  =  -j^  (E^r  k  sin  /3  cos  0  sin  a)  (40) 

=  E*/r  k  sin  /3  cos  /3  cos  a)  (41 ) 

which  is  equivalent  to  — ^ — -  . . .  cos  a  (42) 

or  E1E2.  x/2* .  cos  a  (43) 
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SOME  NEW  FORMULAS  FOR  REACTANCE  COILS 


BY  H.  B.  DWIGHT 

Abstract  of  Paper 

Formulas  are  presented  and  derived,  which  have  not  been 
previously  published,  for  mutual  inductance  of  coils  with 
parallel  axes,  repulsion  of  coils  with  parallel  axes,  and  self- 
mductance  of  long  cylindrical  coils. 

These  formulas  apply  to  practically  all  cases  of  reactance  coils 
in  common  use.  They  are  very  convergent  and  accurate,  and 
will  give  results  to  a  given  degree  of  accuracy  with  a  minimum 
amount  of  labor. 

For  many  engineering  problems,  precise  accuracy  is  not 
required,  and  sets  of  curves  are  given  from  which  approximate 
readings  may  be  taken. 

Part  I— Mutual  Inductance  of  Coils  with  Parallel  Axes 

THE  common  method  of  mounting  reactance  coils  is  with 
parallel  axes,  that  is,  side  by  side,  and  it  is  desirable  to 
have  formulas  which  apply  to  coils  in  this  position.  The 
values  of  mutual  inductance  derived  in  the  following  paragraphs 
are  useful  for  calculating  the  unbalance  in  voltage  and  the 
means  for  correcting  it,  when  three  coils  are  placed  side  by 
side  and  connected  in  a  three-phase  circuit.  The  formulas  are 
also  useful  in  the  design  of  radio  apparatus.  The  calculation 
is  very  exact  for  widely  separated  coils,  and  it  has  an  accuracy 
within  a  small  percentage  for  coils  placed  as  close  together  as 
it  is  usual  to  mount  reactance  coils.  For  usual  engineering 
problems  where  precise  accuracy  is  not  required,  it  is  not 
necessary  to  calculate  the  results,  but  values  may  be  read  from 
the  ciu^es  of  Fig.  1,  thus  saving  the  labor  of  computation. 

A  formula  for  the  mutual  inductance  of  two  circles  formed 
of  one  turn  of  infinitesimally  thin  wire  has  been  given  by  S. 
Butterworth,*  for  the  case  when  the  axes  of  the  circles  are 
parallel,  and  when  the  distance  between  the  centers  of  the 
circles  is  somewhat  larger  than  their  diameters.  In  order  to 
obtain  a  formula  suitable  for  commercial  reactance  coils  of 
many  turns,  the  author  has  integrated  the  above  formula  four 

•Scientific  Paper  No.  320  of  th(»  Bureau  of  Standards,  Washington, 
D.  C,  June,  1918,  Eq.  10  A,  and  Philosophical  Magazine,  Vol.  31,  1916, 
page  443. 
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times  over  the  rectangular  section  of  a  cylindrical  coil,  with  the 
following  result: — 


M,  in  henrys, 

2  w*  g"  AT' 
0.3937  6nO» 


^2r»V  2     r'^28»/ 

/.    I     7     c'  13    c^  c»      \ 

\     ■*'  12    o«     "^  240    a*   ^  960  o«  / 

5_  c^/  .  _   5^    I    35  _s^  _  3_  r^\ 

8     r»   V  r*     "^    8     r*  8     8'/ 

/.        17  ^        i69._£l  41      c'  113     _c^  \ 

\     ■•"  15     o'  "^   600    o^  "*■  2800    o«    ■*■  672,000      o"  / 

35ji^/-_21_«^       189£<  _  ?§1  i!_    .    5_  Jl  \ 
"^  32    f '  V  2     r*    "^    8   r<  16    r«    '''  16    s'   / 

( 


1  4-155^    .  2167  ^        541    c« 
"^84    a2   "^  2520  a*   "^  4704  a« 


2129  c«  197  g'°    \   1    f      1        ri^ 

■^  3136  X  180   a8    "^  1960  X  3456    a^^    /  ^^^'  J        ^^ 

where  r^  =  s^  +  b^  and  a  =  3^  d  =  the  mean  radius  of  the  coil. 
N  is  the  number  of  turns  in  each  coil.  The  two  coils  are 
alike  and  placed  as  in  Fig  1. 

The  dimensions  are  assumed  to  be  given  in  inches;  if  they  are 
given  in  centimeters,  the  factor  0.3937  should  be  omitted.  In 
measuring  the  coil,  each  dimension  should  be  taken  as  the 
number  of  wires  or  cables  in  that  dimension  times  their  pitch. 
The  actual  measured  dimension  over  the  copper  should  not  be 
used,  as  it  is  slightly  too  small. 

It  will  be  noted  that  formula  (1)  is  indeterminate  when  6  =  0 
and  therefore  r  =  s.  For  such  a  case,  the  following  formula 
should  be  used: 

0.3937  sUO«  L  V  6  a2  "^    144a*   / 

^4     8^   V  12    a2   ^  240    a*   ^  960  a«  / 
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,  375  oW ,        17    c*         m_  _c^       _41_  ^ 
^64    «*  ^     ■*■  15    o'    ''"600    a*   ■•■  2800  o« 

^   672,000    o»  / 


8576    g*  / 

"SIT  «•  V 


155    c=         2167  ^ 
^  ■*"    84     a'    ■''  2520    o' 


541      c* 
4704     o« 


1960  X  3456    a« 


)  +  etc.  ] 


Flo.  1 — MornAL  Inductancb  < 


This  gives  the  mutual  inductance  of  two  flat  disks  in  the  same 
plane. 

An  approximate  formula  for  the  mutual  inductance  of  two 
reactance  coils  with  parallel  axes  has  been  previously  published 
by  the  writer.*  This  was  derived  by  making  a  certain  distor- 
tion of  one  of  the  coils  which,  as  was  stated,  tended  to  make 
the  result  slightly  too  small.  The  results  of  this  formula  for 
one  shape  of  coil  are  shown  in  Curve  II,  Fig.  2.  In  order  to 
show  that  the  results  were  accurate  enough  for  engineering 


'"Repulsion  and  Mutual  IniluctuaCG  oF  TU'iu 
The  EUelncal  World,  p.  1148,  June  16,  1917. 


i",  by  H.  B.  Dwight. 


1678       DWIGHT:  FORMULAS  FOR  REACTANCE  COILS 

work,  another  formula  was  derived  using  a  greater  distortion 
which  tended  to  make  the  results  distinctly  too  large,  as  shown 
in  Curve  III.  It  is  interesting  to  note  that  Curve  I,  which 
shows  the  result  of  the  formula  now  given,  lies  just  a  little 
above  Curve  II. 

The  new  formula  is  more  convenient  to  use  than  the  older 
approximate  formula,  and  gives  more  accurate  results  for  any 
given  position  of  the-coils.  Neither  formula  is  very  convergent 
for  8/d  less  than  about  1 .2. 

The  case  outlined  in  Fig.  1,  in  which  the  two  coils  with 
paiEillel  axes  are  alike  and  stand  on  the  same  plane,  is  the 
Amplest  for  calculation.  However,  if  the  coils  have  parallel 
axes  and  are  alike,  and  one  stands  on  a  plane  a  distance  e 


Fio.  2— CoMi 


a  Appboximatb  Curves 

higher  than  the  other,  the  formula  for  their  mutual  inductance 
is  not  very  complicated.    It  is  as  follows: 
M,  in  henrys, 

9 


"■   0.3937  6'  X  10>  L°  \   P 
^     +  6  o"  ^    144  o'    /         2 
2     ^  p'        t   ^   r'  )  \ 

\     ^   12    a'   ^  240 


p3  g^  r'      / 


Ha'  J 
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+  iifl  /  J.  _  J_  +  J_\  t 

8     \  p»        g»         r»  /  f 
\     ''"   15    a»    ''"  600    o*   "'■  2800    a«   "•"  672,000    o"    / 

I   V  P'         g'  r'  /         2     V  p»        q*    ^   r*  } 


35 
32 


189  8^  /    1 2_        1    \ 

^      8      V  P"        «"        ''"  / 


231  s« 


( 


16 

\ 

^   P" 

2167 

c* 

+ 

541 

2520 

0^ 

4704 

197 

c>« 

+ 


1^)1 


,    ,    155    c2     ,    2167    c^     ,     541     c«  2129 


84     a2     •    2520    a'     '    4704    a*     '    3136  X  180    o« 
"*■  1960  X  3456  "^  j  "*"  ^^^'  J  ^^^ 


where  p^  =-  8^  +  {b-  e^ 

qi  =  §2  +  e2 

and  r2  =  s^  +  (6  +  6)2 

This  formula  includes  the  case  of  two  coaxial  coils,  when  the 
coils  are  not  near  to  each  other.  When  the  coils  are  coaxial, 
the  mutual  inductance  is  opposite  in  sign  to  the  value  when  the 
coils  are  side  by  side.  There  is  a  position,  when  two  coils  with 
parallel  axes  are  diagonally  from  each  other,  for  which  the 
mutual  inductance  is  zero. 

The  formula  for  the  mutual  inductance  of  two  unequal  coils 
with  parallel  axfe,  in  any  relative  position,  is  similar  to  the 
above,  but  is,  of  course,  more  complicated. 

Example  I.  Find  the  voltage  drop  due  to  mutual  inductance 
in  each  of  three  coils  placed  side  by  side  in  a  row,  and  carrying 
three-phase,  60-cycle  current,  400  amperes  per  phase,  the  data 
being  as  follows: — 


Mean  radius  of  coils 

=  a 

=r 

12.76  inches. 

Length  of  coils 

=  b 

= 

30.87       « 

Thickness  of  winding 

=  c 

== 

4.87       " 

Number  of  turns 

=  N 

s= 

114 

Distance  between  centers 

B 

45       inches. 
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Let  the  three  coils  in  a  row  be  called  A,  B  and  C.    For  A 
and  £,  s  =  45  inches. 

Af*B   =  0.00142  (0.0508  +  0.0061  +  0.0007  +  0.00008) 
=  8.2  X  10-* henry. 


or  using  Fig.  1.        -5-=  rf^^lVe 


45 
25.52 

30.87 


d         25.52 
M^,   =  0.25  X  10-»  X  114*  X  25.52  =  8.3  X  10"*  henry. 


Pia.  3 — Mechanicai.  Force  Between  Reactance  Coils  with  Parallel 

Averoue  [otce  in  poandi  -  F  (from  cutvci)  /,.;,.Vt  m.  »  where  N  it  the  numbei  of  turni 
in  each  coil  and  vhere  «  ii  the  phaie  sngle  between  I,  ami  I,  which  are  in  ainperei. 

Using  a  spacing  8  =  90  inches 
JI/ac   =  1 . 1  X  10-*  henry. 

Let  the  currents  in  the  three  coils  A,  B  and  C,  which  are 
120  deg.  apart  in  phase,  be 

/a  =      400  '  amperes 

/b  =  -  200  +  j  200  V^amperes 

and        Zc  =  -  200  -  J  200  V  3  amperes 

The  drop  in  A  due  to  mutual  inductance  is 

2ir  X60j(/.  M*.  +/c  Jl/*c)  =  -  9.3 -J  7.0  volts. 
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The  drop  in  B  due  to  mutual  inductance  is 

2  TT  X  60i  (7a  Mab  +  Ic  Mhc  )  =  10.7  +  i  6.2  volts. 

The  drop  in  C  due  to  mutual  inductance  is 

2t  xeoydA  Mac  +/b  Mbc)  =  10.7 -;  4. 5  volts. 

Part  II — Repulsion  of  Coils  with  Parallel  Axes 

The  formula  for  calculating  the  mechanical  force  exerted 
between  two  equal  reactance  coils  placed  in  the  usual  way, 
side  by  side  with  parallel  axes,  may  be  derived  by  differentia- 
ting the  expression  for  the  mutual  inductance  of  the  coils  in  the 
same  position.  Curves  are  given  in  Fig.  3  which  should  be 
more  convenient  in  most  cases  than  the  formula,  for  solving 
problems. 

The  differential  with  respect  to  s  of  formula  (1)  for  mutual 
inductance,  using  absolute  units,  is  equal  to  the  mechanical 
force  in  dynes  between  the  coils  when  one  absampere  is  flowing 
in  each  coil,  the  currents  being  in  phase.  Changing  the  units, 
this  gives  the  force  in  pounds  for  one  ampere  turn,  which  is 
equal  to: 

F,  in  pounds, 

4.45  X  10^6-^  L   ^2   V   s2  r    M  6a'  "^  144  aV 

3     aW   4  s         5s^         r*   \ 

r*   \     r  r^     "^    sW 


+    4 


\     ^  12    o»    ^  240    a*    ^  960  a*   ) 

_  _75^  £!_/_8s  _  28 s''        218"  _   r«  \ 
64    r'   \     r  r'  r'  s'   / 

^     "*■  15    o^    "^  600    o«   ■•■  2800    o«   '''   672,000    o'  / 

245_  o^  /32  s  _  216  g»       396  s»  _  429   £        5     r»  \ 
"^  256    r«  V     r  r''      ^     r"-  2      r'  "*■  2     s'  / 

i  \  A.  J:55  _£L    ,    2167    c'  541     c"  2129         (* 

V     "*'   84     o'    ■•■  2520    a*    ■*■   4704   a"   "^  3136  X  180    a« 

197  c'"   \  1       . 

'^  1960  X  3456    o'"   )  ^  ^^'  \      ^*^ 
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where  r^  =^  s^  +  ¥  and  o  =  J^  d  =  the  mean  radius  of  the 
coil.  The  dimensions  may  be  given  in  either  inches  or  centi- 
meters, since  only  ratios  of  dimensions  appear. 

It  results  therefore,  that  if  all  the  dimensions,  including 
spacing,  of  a  group  of  coils  be  increased  by  a  certain  ratio,  but 
the  currents  be  left  the  same,  the  mechanical  force  in  pounds 
is  not  changed  at  all.  However,  large  coils  are  generally 
subject  to  large  forces,  since  they  carry  proportionately  large 
currents. 

When  different  alternating  currents  /i  and  Uy  at  a  phase 
angle  d,  flow  in  the  two  coils,  the  average  force  in  pounds  is 

F  Ii  I2  N^  COS0 

where  7i  and  I2  are  the  effective  values  of  the  currents  in 
amperes  and  where  N  is  the  number  of  turns  in  each  coil. 

As  in  the  case  of  the  expression  for  mutual  inductance, 
formula  (4)  becomes  indeterminate  when  5  =  0  and  therefore 
r  =  8.  In  such  a  case,  which  is  that  of  two  flat  disks  in  the 
same  plane,  the  following  formula  may  be  used : 

F,in  pounds,  =   4,45  xior^^  [(l  +  "g^   +14?^^  ) 


+ 


15 
4 


s»   V     ■•"  12    o»   "'■  240    c«   "^  960  a«  / 


"'■64     s«  V       15    o«   ■•■  600    o<   "^ 


+ 


2800    a* 

113      lc»_ 
672,000    o» 


) 


25,725    g"   /.    ,    155  _c^        2167  ^    ,     541     c« 
''"      512       s'   \     "^  ■  84     o»   "^  2520    a*   ^  4704    a« 

2129         c»  197  <'"   \   I     f     1 

■•"  3136  X  180   o«   "'■  1960  X  3456    o"   )  +  ^^-  ] 

(5) 

The  mechanical  force  between  two  coils  side  by  side  with 

parallel  axes  is  a  repulsion  when  the  currents  flow  in  the  same 

direction  around  both  coils,  and  it  is  an  attraction  when  the 

currents  are  in  opposite  directions. 

The  value  of  force  as  calculated  above  is  the  average  force. 
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that  is,  the  effective  steady  sustained  pressure,  due  to  alterna- 
ting current.  It  is  the  same  in  value  as  the  force  due  to  direct 
current.  At  the  peak  of  the  alternating-current  wave,  when 
the  currents  are  in  phase,  the  force  rises  to  double  the  above 
value,  and  it  becomes  zero  when  the  momentary  current 
becomes  zero. 

A  comparison  is  shown  in  Fig.  4  between  calculated  values 
and  a  test  curve.*  The  approximate  data  for  the  test  curve 
are  given  in  example  II. 

The  approximate  formula  previously  published  by  the  author 
in  the  Electrical  World  of  June  16, 1917,  gives  results  which  are 
slightly  less  than  those  of  formula  (4)  which  are  more  accurate. 
The  ciu^es  have  practically  the  same  relative  position  as  in 
Fig.  2. 

Example  II — Find  the  average  mechanical  force  acting  on 
each  of  two  coils  carrying  single-phase  currents  which  are  in 
phase,  the  conditions  being  as  follows: 

Mean  radius  of  coils    =  a    =    12 .  76  inches. 
Length  of  coils  =  6    =    30.87       " 

Thickness  of  winding  =  c    =      4 .  87       " 
Number  of  turns         =  N  =  114 
Current  in  amperes     =  /i  -  I2  =  400  amperes. 
The  coils  are  placed  side  by  side,  with  the  parallel  axes  45 
inches  apart. 
Force      =  158  (0.0362  +  0.0065  +  0.0010  +  0.0001) 

=  6 .  89  pounds. 
Using  the  curves  of  Fig.  3, 

b         30.87         1  01       ^    «  45  ^  rja 

X  =  25:52-  =1  21,  and^  =  25752-  =  ^'^^ 

Force      =  3.3  X  10-»  X  400*  x  114^  =  6.8  pounds. 

Example  III.  Find  the  average  mechanical  force  on  each  of 
three  coils  of  the  same  size  and  spacing  as  those  in  Example  II, 
placed  side  by  side  in  a  row,  and  carrying  three-phase  current, 
400  amperes  per  phase.  In  determining  the  average  mechanical 
forces  due  to  three-phase  currents,  the  forces  due  to  the  pro- 
ducts of  the  instantaneous  values  of  two  alternating  currents, 
which  are  120  deg.  out  of  phase,  are  calculated  in  the  same  way 
as  the  watts  due  to  the  products  of  the  instantaneous  values  of 

*The  test  curve  was  published  iu  au  article  on  *'  The  Mechanical 
Stresses  in  Reactance  Coils*'  by  W.  M.  Dann,  The  Electric  Journal^  pafi^e 
206,  April  1914. 
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an  alternating  current  and  an  alternating  voltage  which  are 
out  of  phase. 

Let  the  three  coils  in  a  row  be  called  A,  B,  and  C.  The 
currents  in  them  are  120  deg.  apart,  in  phase.  The  average 
force  on  A  caused  by  /»  is 

6.89  cos  120  deg.  =  3.44  pounds, 
the  calculation  l>eing  similar  to  Example  11. 

To  find  the  force  on  A  caused  by  /„  formula  (4)  is  used,  the 
axial  spacing  being  90  in.  The  average  force  on  A  caused  by 
7,  is 

0 .  50  cos  120  deg.  =  0 .  25  pounds. 
This  is  to  be  added  to  the  force  caused  by  /b  ,  making  a  total 
average  force  on  A  of  3 .  69  pounds,  tending  to  move  it  toward 
the  center  coil.     Coil  C  is  also  under  an  average  attraction  of 
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Fio.  4 — CoHPARiaoN  OF  Calcula- 
tion WTiii  Test 

3.69  pounds.  Coil  B  is  attracted  by  both  A  and  C,  and 
although  there  is  a  momentary  force  first  in  one  direction  and 
then  in  the  other,  the  average  force  on  B  is  zero. 

Since  the  above  forces  increase  as  the  square  of  the  current 
they  attain  large  values  at  times  of  short  circuit. 

Part  III— Self-Inductance  of  Long  Reactance  Coils 
Reactance  coils,  as  generally  manufactured,  are  cylindrical 
in  shape  and  have  an  axial  length  practically  as  long  as,  or 
longer  than,  their  mean  diameter.  The  radial  thickness  of  the 
winding  is  usually  considerable.  The  self-inductance  of  a  thick 
coil  with  usual  radial  thickness  of  winding,  may  be  as  much  as 
15  per  cent  less  than  the  self-inductance,  L„  of  a  very  thin 
solenoid  of  the  same  mean  diameter.  The  self-inductance  of 
the  above  described  thick  coils  may  be  calculated  very  precisely 


DWIGHT:  FORMULAS  FOR  REACTANCE  COILS       1685 

by  formula  (13)  given  below,  which  may  be  used  to  a  fair  degree 
of  approximation  for  coils  somewhat  shorter  than  their  mean 
diameter.  Curves  are  given  in  Figs.  6  and  7  from  which 
readings  may  be  taken  which  will  be  correct  within  about  one 
per  cent  for  most  shapes  of  reactance  coils. 

An  alternative  method  for  determining  the  self-inductance  of 
a  cylindrical  coil  is  to  obtain  the  value  of  L,  from  Table  XXI, 
Scientific  Paper  No.  169  of  the  Bureau  of  Standards,  and 
obtain  the  correction  for  the  thickness  of  the  coils  from  Dr. 
E.  B.  Rosa's  equations  (91)  and  (93)  and  Tables  IX  and  X  of 
the  same  paper.  This  method  is  especially  useful  for  coils  just 
shorter  than  their  mean  diameter,  since  other  formulas  are 
then  not  very  convergent. 

As  indicated  in  Fig.  5,  all  the  dimensions  of  a  coil  should  be 
measured  to  the  pitch  lines  of  the  conductors.  Thus  the  length 
of  the  coil  should  be  taken  as  the  number  of  conductors  j)er 
layer  multiplied  by  the  pitch  of  the  conductors.  The  exact 
dimensions  over  the  copper  are  slightly  too  small  and  should 
not  be  used. 

In  order  to  obtain  an  expression  for  the  self-inductance  of  a 
thick  cylindrical  coil,  it  is  first  necessary  to  know  the  mutual 
inductance  of  two  coaxial  and  concentric  thin  solenoids  of 
equal  length.  For  long  solenoids  this  has  been  given  in  a 
useful  form  by  T.  H.  Havelock.* 

By  using  the  form  in  elliptic  integrals  given  in  equation  (4) 
of  Havelock's  paper  in  the  Philosophical  Magazine,  and  by 
changing  to  the  dimensions  shown  in  Fig.  6,  the  expression  for 
mutual  inductance  becomes: 

^2  /72  A72    |-  2D 

^  =        %       [  b  -  3^  {  (!>'  +d^)E-  (D«  -  d»)  F] 


^  \         8      6    ^  128  V  DW   6' 


d^     .    d*  \  D' 


(.  +  35-+^) 


1024  \^   '  ^  D^    '    D*  /   ¥ 

abhenrys.  (6) 

*The  Philosophical  Magazine,  March  1908,  Page  340,  equation  25: 
and  Bulletin  of  the  Bureau  of  Standards,  Vol.  8,  No.  1,  1911,  Page  56 
equation  38. 
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where  d  and  D  are  the  diameters  of  the  two  thin  solenoids , 
where  N  is  the  number  of  turns  on  each  solenoid,  and  where  F 
and  E  are  complete  elliptic  integrals  of  the  first  and  second 
kinds,  to  modulus  d/D. 

The  two  elliptic  integrals  can  be  expanded  in  terms  of  the 
complementary  modulus  i'  as  follows:* 

S  =  l  +  4-A:"(logh^-3^) 

+  Sf*'*('ogh  F-l4-— 3x)  +  •  •  • 

where  k'  =  y/T^^^  =  Vl  -  d^D^ 

The  expression  for  mutual  inductance  can  now  be  integrated 
twice  over  the  section  of  the  thick  coil  indicated  in  Fig.  5,  and 
the  following  formula  for  the  self-inductance  of  a  long  thick 
coil  is  obtained : 

L  =  L.  +  A  L  (8) 

Where  L..  in  hemys,  =   03937x10' ft    L  ^  "   SlTF 

^  "8"  "P"  ~  64"6^  +  1024  1«  ~  •  •  •  J  ^  ' 

and  where  A  L,  in  henrys, 

T^d^N^         r  _  _2_  _£_  +    1     '^^ 


+ 


0.3937  X  10»6   L       3     d     '     3     d« 
Ad 


3irb 


(    1     cW,     ,    4d        23  \        1     c< 

\-r-d^-V''«^—--w)-^-di 

(logh^--A^)  +  ...  ^ 


*Bull€Un  of  the  Bureau  of  Standards,  Vol.  8,  No.  1,  by  E.  B.  Rosa  and 
F.  W.  Grover,  equation  3,  page  8. 
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"^  dM    12    6'        192    6«   "^  768  "S*" 


775         d"    , 


32  X  1536    6» 

169     d» 


( 


"^  d«     I   72    fe!!        960    6*    "*■ 


7680    ¥ 


2167 


32  X  2304    6" 


+  .  .  .  t  + 


} 


+  7^(>°*-f +»")] 


(10) 


In  the  above  formulas,  N  is  the  number  of  turns  of  effective 
conductor  in  the  coil,  q  is  the  number  of  wires  or  cables  in 
parallel,  and  the  dimensions  are  in  inches.  If  the  dimensions 
are  in.  centimeters,  the  factor  0 .  3937  should  be  omitted,  and  if 
the  inductance  is  to  be  given  in  abhenrys  instead  of  henrys  the 
factor  10'  should  be  omitted.    Note  that 

logh  m  =  the  hyperbolic  or  natural  logarithm  of  m 
=  2 .  3026  logio  m. 

The  quantity  L,  is  the  self-inductance  of  an  infinitely  thin 
solenoid  of  diameter  d.  Formula  (9)  is  the  same  as  (79), 
Bulletin  of  the  Bureau  of  Standards,  Vol.  8,  No.  1  or  (21A), 
Scientific  Pai)er  No.  320  of  the  Bureau  of  Standards.  The 
general  term  of  the  series  may  be  obtained  from  either  of  these 
references.  There  are  other  formulas  (See  11)  which  are  more 
convergent  than  (9).  The  value  of  L,  may  also  be  accurately 
and  conveniently  found  from  Table  XXI  Bulletin  of  the 
Bureau  of  Standards,  Vol.  8,  No.  1. 

The  quantity  A  L,  given  by  (10),  is  the  change  in  the  induct- 
ance due  to  the  radial  thickness  of  the  winding.  Formula  (10) 
should  not  be  used  for  practical  problems,  because  formula  (13) 
to  be  given  later,  is  more  convergent,  and  therefore  more 
convenient  and  accurate,  for  any  coil  with  which  (10)  can  be 
used.  Formula  (10)  was  published  by  the  author  in  the 
Electrical  World,  Feb.  9,  1918,  page  300.     It  gives  the  same 

2167        d* 
result,  except  for  the  term    qo  w  oqru  "p  »  ^  ^  method   pub- 
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lished  by  S.  Butterworth  in  the  Proceedings  of  the  Physical 
Society  of  London,  Vol.  27,  1915,  page  371. 

It  is  assumed  that  the  coil  is  wound  with  round  wire  or 
cable.  The  last  term  of  (10)  represents  the  effect  of  the  air 
space  between  the  wires. 

A  very  convergent  formula  for  the  self-inductance  of  an 
infinitely  thin  solenoid  which  has  not  been  previously  pub- 
lished, may  be  derived  directly  from  (36)  or  (39),  Bulletin  of 
the  Bureau  of  Standards,  Vol.  8,  No.  1,  by  making  the  dimen- 
sions of  the  two  solenoids  equal,  thus  obtaining  the  self- 
inductance  of  one  solenoid  instead  of  the  mutual  inductance 
of  two.    Both  (36)  and  (39)  give  the  same  result: 

TT^d^N^  ..     d     r    1  8 


r     •    u  _  TT^d^N^  ^     d     r    1 

L.,  m  henrys,  -    0.3937  Xl0^6    ^  Yh    VHi  ^ 

m^    ,     m^         15      .  ,     21       .       315      ., 
""8""^T6"""l28^   ^  128^^  'Vm  ^ 

,    297      ,,       39,039      ,,  ,  ~\ 

+  512"'"    -   32^68""^    +••  -J  ("> 


where       m^  = 


d^ 


d2  +  4  62 


This  is  much  more  convergent  than  (9).    It  is  somewhat 
more  convergent  than  (20  A),  Scientific  Paper  No.  320  of  the 

Bureau  of  Standards,  since  m^  =     .^   ,    .  , ,  is  smaller  than 

a-  +  4  0^ 


^^  ~  ^2   »  fe2  •    When  6  =  d,  9  terms  of  (11)  give  six  significant 

figures,  but  13  terms  of  (20  A)  are  required  to  give  this  result. 

Formula  (11)  need  not  necessarily  be  used  for  obtaining  the 
value  of  L„  because  formulas  (76),  (77),  and  (78),  Bulletin  of 
the  Bureau  of  Standards,  Vol.  8,  No.  1,  are  extremely  conver- 
gent, and  very  accurate  values  of  L,  can  also  be  easily  obtained 
from  Table  XXI  of  the  same  Bulletin. 

Series  in  m  for  thick  coils  can  be  derived  (see  formula  13) 
which  are  similar  to  those  in  d/h  of  formula  (10),  but  which  are 
much  more  convergent  than  they  are,  and  which  therefore 
supersede  them  for  practical  calculations.  These  series  in  m 
have  not  been  previously  published.    The  series  in  m  will  give 
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5  or  6  significant  figures  for  the  self  nductance  of  a  thick 
cylindrical  coil  whose  length  is  as  short  as  its  diameter,  but 
formula  (10)  is  not  nearly  so  accurate  for  such  a  short  coil. 
That  the  two  formulas  (10)  and  (13)  are  equivalent  may  be 
shown  by  the  fact  that  they  give  the  same  results  for  any 
problem  for  which  they  are  both  convergent.  It  is  also  proved 
by  eicpanding  the  terms  of  one  formula  by  the  binomial  theorem, 
and  this  is  found  to  produce  the  other  formula.  The  derivation 
of  (13)  is  as  follows. 

It  is  first  necessary  to  establish  a  proposition  regarding  the 
mutual  inductance  of  two  solenoids,  similar  to  Maxwell's 
proposition  regarding  two  coils,  in  paragraph  700  of  "Elec- 
tricity and  Magnetism".*  In  the  same  manner  as  in  the 
paragraph  referred  to,  it  may  be  shown  that,  if  M ,  is  the  mutual 
inductance  of  the  central  solenoids  of  two  cylindrical  coils  of 
mean  radii  ai  and  a2  and  of  thicknesses  of  winding  Ci  and  Cs, 
then  the  mutual  inductance  of  the  two  thick  coils  is 


M  =  M. 

"^  2V3      do,'    '     2' 

Cj«      d*  M. 
'  /3      d  02' 

^  2V5 

dtti*     '    2V3    /3 

b*  M,              ct* 
doi'doj'     '    2V5 

b*M. 
dttt 

^  2«/7 

do,«     '    2«/3    /5 

d»M. 

5  Oi*  d  02' 

_L 

C'  c-^           d«  M. 

,       C2«      d«M.    , 

'    2«/3    /5      dai^ba^'     '    2« /7      da2«     '   *•* 

(12) 

This  formula  is  most  accurate  for  coils  that  are  far  apart,  and 
it  does  not  give  good  results  for  coils  that  are  close  together. 
It  may  be  useful  for  giving  extensions  to  present  formulas  for 
mutual  inductance  of  solenoids. 

If  formula  (17),  Bulletin  of  the  Bureau  of  Standards  Vol.  8, 
No.  1,  for  the  mutual  inductance  of  two  circles  far  apart,  be 
integrated  to  give  the  mutual  inductance  of  two  coaxial  sole- 
noids whose  centers  are  far  apart  measured  along  the  axis, 
terms  are  obtained  which  are  of  the  same  form  as  the  second 
half  of  formula  (38)  of  the  above  bulletin,  which  forms  a  series 

♦See  also  Scientific  Paper  No.  169  of  the  Bureau  of  Standards  by  E.  B. 
Rosa  and  F.  W.  G rover,  page  33. 
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in  A/l.  See  formula  (3)  when  «  =  0.  Now  proposition  (12) 
gives  exactly  the  effect  of  the  thicknesses  Ci  and  Ci  of  the  coils 
for  the  formula  for  coils  far  apart,  and  it  is  to  be  expected  that 
it  will  give  the  effect  of  Ci  and  c^  for  the  same  terms  which 
appear  in  the  last  half  of  (38,  Bulletin,  Vol.  8,  No.  1). 

This  is  found  to  be  the  case,  and  the  series  in  c*  and  c*  in  the 
last  half  of  (10),  can  be  derived  by  means  of  (12).  The  latter 
method  is  much  easier  than  the  method  of  straight  integration 
of  (38,  Bulletin  Vol.  8,  No.  1),  since  differentiation  is  in  general 
a  simpler  process  than  integration,  and  fewer  and  smaller 
terms  are  required  to  be  handled. 

Now  it  is  noticeable  that  formula  (36)  of  the  Bulletin,  Vol.  8, 
No.  1,  contains  the  first  line  of  (38)  of  the  same  bulletin. 
Therefore  the  terms  in  A/r  of  (36,  Vol.  8,  No.  1),  give  the  same 
total  result  as  the  terms  in  A/l  of  (38,  Vol.  8,  No.  1).  This 
may  be  proved  definitely  by  expanding  one  set  of  terms  by  the 
binomial  theorem,  and  they  are  found  to  produce  the  other  set. 
Therefore,  since  proposition  (12)  applies  to  the  terms  in  A/l  of 
(38  Vol.  8,  No.  1),  it  applies  to  the  terms  in  A/r  of  (36,  Vol.  8, 
No.  1).  A  similar  statement  applies  to  (39,  Vol.  8,  No.  1) 
since  that  formula  is  the  same  as  (36,  Vol.  8,  No.  1)  when  the 
two  solenoids  are  of  equal  length. 

The  differentiation  of  (36)  or  (39)  (Vol.  8,  No.  1),  is  not 
difficult,  and  then  proposition  (12)  can  be  applied.  It  is  found 
by  expanding  some  of  the  terms  by  the  binomial  theorem  that 
when  A  =  a 


5  A2  d  a* 

as  would  be  expected,  and  this  produces  a  certain  simplification 
in  the  series.  Terms  from  formula  (10)  extended  are  then 
included  to  give  the  effect  of  integrating  the  terms  in  a/ A  of 
(36)  or  (38)  (Vol.  8,  No.  1),  and  the  following  complete  result 
is  obtained : 


7r2  d2  N-' 


AL,mhemys=    0.3937  X  10«  6  L  "^    3"    d"  + 
,      4d       |lc2/,,4d  23  \        1 


1 


3     d^ 


80    d' 
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/,     ,4d         1\         1      c«/23,,4d        4547  \ 
(lo«h  —  -  ^j-  -g^-^  ^-^  logh  —  -  -gg^j 

+  .  .  .  i 


,    c'    ^    d     1    w         5      ,  ,    m»        95      ,  ,    217     , 


d«   ^    6    1  X      24  '     "^    3        128  '"   "^  128 


2135      „       11  X  1961      J,  _   13  X  68.915      ^J 
512   ^    ■*"        2048       "*  32,768        "* 


+  .  .  . 


\ 


c*    ..    d     i    m         17      ,  ,    53     .       1265 


'^  d*   ^    b     j   36        18( 


180         '    96  576 


,  ,    38,857      .      3913     ,231x9551     „ 
"*  "^     4608    "*         128  *"    "•■       20,480      "* 


143  X  10,625 
4096  "* 


,     c«         d    j  m»     ,     15      ,       1117      ,  ,    1183     , 
■^  d«    ^  X  1  ~  T2r  "^  112  *"       "6^  "*   '•'  "96"""* 

_  21  X  3641      „  11  X  367,621      „ 

1024       "*  ■*"         10,240        "* 

143  X  109,353  » 

8192  wi    -r  •  .  .  ^    -1-  •  .  . 

where       m^  = 


d2  +  4  62 


This  formula  is  to  be  used  in  conjunction  with  (8).  It 
should  be  used  instead  of  (10)  for  practical  problems,  since  it 
is  more  convenient  and  accurate.  It  appears  longer  than  (10), 
but  that  is  merely  because  more  terms  have  been  worked  out. 
In  reality,  fewer  terms  of  (13),  than  of  (10),  are  needed  to 
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obtain  the  self-inductance  of  a  given  coil  to  a  certmn  number 
of  significant  figures.  The  terms  which  are  not  needed  can 
easily  be  neglected.  For  most  coils  made,  the  terms  in  c'/d* 
will  be  found  to  be  practically  negligible,  even  for  precision 
work.  . 

The  last  term  of  formula  (13)  represents  the  effect  of  the 
air  and  insulation  space  between  the  conductors.  It  is  assumed 
that  the  coil  is  wound  with  round  wire  or  cable.  If  square 
wire  is  used,  the  constant  0 .  14  in  the  last  term  should  be 
omitted.    Therefore,  for  uniform  current  distribution  over  the 


Reactangb  Coita 


section  of  the  coil,  as,  for  example,  with  square  wire  with 
infinitely  thin  insulation,  the  last  term  becomes  zero.  For 
precise  work,  the  constant  0 ,  14,  which  is  an  average  value, 
should  be  changed  in  accordance  with  Dr.  E.  B.  Rosa's  results 
for  various  shapes  of  coils,  given  in  the  Bulletin  of  the  Bureau 
of  Standards,  Vol.  3,  1907,  page  37,  and  Vol.  8,  No.  1,  1911, 
page  141. 

A  set  of  curves  showing  the  self-inductance  of  cylindrical 
coils  of  various  shapes,  is  given  in  Figs.  6  and  7.  This  should 
be  useful  for  many  engineering  problems  where  precise  accuracy 
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is  not  required .  The  curves  can  give  quicker  and  more  accurate 
results  for  many  cases  than  most  approximate  formulas. 

The  values  of  inductance  of  long  coils  in  which  c  is  almost  as 
great  as  d,  were  calculated  by  a  formula  derived  by  the  writer.* 
The  values  of  inductance  of  coils  considerably  shorter  than 
their  mean  diameter  were  derived  from  Tafeles  C  and  D,  by 
Prof.  T.  R.  Lyle,  Scientific  Paper  No.  320  of  the  Bureau  of 
Standards,  pages  569  and  570. 

Example  IV.  To  find  the  self-inductance  of  a  coil  wound 
with  1000  turns  of  round  wire  in  10  layers  of  100  turns  each. 
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The  diameter  of  the  insulated  wire  is  p  =  0 . 1  cm.  and  the 
diameter  of  the  bare  wire  is  w  =  0  08  cm.  The  mean  diameter 
of  the  coil  is  d  =  10  cm.,  the  length  is  6  =  10  cm.,  and  the 
thickness  is  c  =  1  cm.  (Example  I,  Bulletin  of  the  Bureau  of 
Standards  Vol.  4,  No.  3,  page  374.) 


By  formula  (11),        m  =  -4=. 


'Formula  (5),  "Self  Inductance  of  Ijoug  R«sctsiico  Coils",  by  H.  B. 
Dwight,  TU  Eteclrical  World,  Feb.  9,  1918.  page  WO. 


\ 
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and  L.,  in  henrys,  =    ^'  ^^q,  ^  ^'    [1.113034  -  0.424413 

-  0.005590  +  0.000559  -  0.000210  +  0.000059 

-  0.000022  +0.000008-0.000003] 

TT*  X  10  XJV^  X  0.688422 


10» 

Table  XXI,  Scientific  Paper  No.  169,  of  the  Bureau  of  Stand- 
ards, gives 

""'  ^  }o>^  ^'    =  0.688423 
By  formula  (13), 

A  L  =  io>  I  -  0.066667  +  0.003333 

+  0.001880-  0.000002  +  (0.000745-0.000186 
+  0. 000060  -  0.000026  +  0.000012  -  0.000006 
+  0.000003-0,000002}  +  {0.0000012-0.0000008 
+  0.0000010  -  0.0000008  +  0.0000006  -  0.0000004 
+  0.0000003  -  0.0000002}  +  0.000231] 

Therefore,     A  L  =  -  -^  X  0 .  060624  henry. 

By  (8),     L  =  L.  +  AL  =  ^^X  0.627798  =  0.061961 

henry. 

The  value  given  by  (9)  and  (10)  is  0 .  06194  henry. 

The  value  given  in  the  Bulletin  of  the  Bureau  of  Standards, 
Vol.  4,  No.  3,  Exam.  1,  page  374,  is  0.061865  henry,  which  is 
less  than  1/5  of  1  per  cent  different  from  the  value  given  by 
(13).  The  result  given  in  the  above  bulletin  was  obtained  by 
Dr.  E.  B.  Rosa's  formula  (91)  Scientific  Paper  No.  169,  of  the 
Bureau  of  Standards.  This  formula  has  the  advantage  that 
it  is  equally  applicable  to  coils  of  all  lengths,  whereas  (13)  is 
not  very  convergent  for  coils  which  are  shorter  than  their 
mean  diameter.  Where  (13)  is  convergent,  however,  it  is  more 
accurate  than  the  other  formula. 
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Example  V.     Find  the  self-inductance  of  a  coil  of  square 
wire  with  very  thin  insulation  in  which 

(Example  9,  Scientific  Paper  No.  320  of  the  Bureau  of  Stand- 
ards, page  559). 
By  formula  (11), 

L.  =    ^'  ^J  ^'   [1 .  0307764  -  0 .  2122066  -  0 .  0004458 

+  0.0000131  -  0.0000015  +  0.0000001] 

TT*  rf2  fJ2 

=  J!-El£L   X  0.8181357 

Table  XXI,  Scientific  Paper  No.  169  of  the  Bureau  of  Stand- 
ards, gives 

7r2  rf2  \72 

L.  =     ^  ^  ^^      X  0.818136 

By  formula  (13), 

A  L  =  Zl^J^[  _  0.066667  +  0.003333  +  0.000940 

-  0.000001  +  10.000202-0.000015  +  0.000001| 

+  10.0000003}  1 

AL  =  -  ll^^   X  0.062205  abhenrys. 

A  L  =  -  0 .  995286  millihenry. 

The  value  given  by  formula  (29  A),  Scientific  Paper  No.  320  of 
the  Bureau  of  Standards,  is 

A  L  =  -  0 .  99526  millihenry. 

Example  VL  A  problem  relating  to  a  coil  which  is  more 
similar  to  usual  current-limiting  reactors  may  be  of  interest. 
Find  the  self-inductance  of  a  coil  of  mean  diameter  d  =  50 
inches,  wound  with  10  layers  of  cable,  75  turns  per  layer,  two 
cables  in  parallel.  The  diameter  of  the  cable  is  w  =  0.5  in., 
and  the  distance  from  center  to  center  of  cables  is  p  =  1  in. 
Therefore, 

6  =  75  in,     c  =  10  in.,    g  =  2,  and    N  =  375. 
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By  formula  (11), 

T     ■    u  ir»  X  50«  X  375*      ^    50    ,„  .„„„ 

L.,inhenrys,  =  q  .  3937  X  10' X  75   ^  iSOT^^^^^^ 


-  0.8488  -  0.0040  +  0.0002] 

ir«  X  50«  X  375« 


X  0.7699 


0 .  3937  X  10»  X  75 
By  formula  (13), 

^^=   o"393''7x\o«?75   ><  f  -  0  1333  +  0.0133 
+  0.0031  +  {0.0014  -  0.0002]  +  0.0011] 

Therefore.    L  =  o.t93''7  x\o»?75  ><  '0.7699-0.1146] 

=  0 .  07700  henry. 
The  result,  when  calculated  by  (9)  and  (10)  is  the  same. 


PrtstnUd  by  pubUcuiion  only. 


Copyright  1010.     By  A.  I.  B.  B. 


INHERENT   LIMITATIONS  ON  TRANSFORMATIONS 
POSSIBLE  BY  STATIONARY  APPARATUS 


BY  JOSEPH  SLEPIAN 


Abstract  of  Paper 


Expressions  for  electrostatic  and  electromagnetic  energfies, 
Joulian  heat  dissipation  and  power  are  g^iven  in  complex  quan- 
tities. The  pure  imaginary  part  of  the  expression  for  power  in  a 
static  network  is  shown  to  be  equal  to  2  a>  times  the  difference 
between  the  mean  electromagnetic  energy  and  mean  electro- 
static energy.  Use  is  made  of  this  new  principle  in  considering 
the  problems  of  power-factor  correction  and  phase  splitting.  It 
is  shown  that  in  general  for  phase  transforming  by  static  appa- 
ratus both  ma^etic  and  electrostatic  storage  of  energy  are 
necessary,  and  it  is  shown  how  the  minimum  amounts  of  each 
are  determined  by  the  load. 

The  symmetry  of  the  coefficients  in  the  general  equations  for 
the  steady  state  in  a  static  network  is  demonstrated,  and  it  is 
shown  that  limitations  upon  voltage  and  current  transforma- 
tions follow.  The*  voltage  regulation  of  any  phase-splitting 
arrangement  is  considered. 


CONTINUED  failures  in  attempts  to  construct  networks 
of  stationary  apparatus,  which  shall  have  certain  charac- 
teristics, lead  to  the  conviction  that  such  characteristics  are 
unattainable  by  static  means.  Examples  are  power-factor 
correction  without  condensers,  single-phase  to  balanced  poly- 
phase transformations  by  condensers  only  or  inductances  only, 
or  single-phase  to  polyphase  transformations  with  inherent 
regulation  for  variable  load.  However  convincing  such 
failures  may  be,  it  is  always  satisfying  to  obtain  general 
demonstrations  of  the  impossibility  of  attainment  of  the 
characteristics  desired,  especially  as  the  demonstrations 
generally  reveal  what  characteristics  can  be  obtained. 

Considering  the  requirements  of  energy  storage  in  the  trans- 
forming apparatus,  the  problems  mentioned  above  fall  into 
two  classes.  In  the  problem  of  balanced  power-factor  correction^ 
the  instantaneous  power  drawn  from  any  one  phase  is  exactly 
equal  to  the  instantaneous  power  supplied  to  the  other  phases. 
The  instantaneous  power  supplied  to  the  power-factor  correct- 
ing apparatus  is  always  zero.  Hence  there  is  no  a  priori  reason 
for  supposing  a  relation  between  the  wattless  power  supplied 
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by  the  apparatus  and  the  electromagnetic  energy  stored  up  in 
the  apparatus.  In  fact,  there  is  no  such  relation  when  rotating 
machines  are  considered.  The  wattless  power  supplied  by  a 
sjmchronous  condenser  may  be  varied  over  a  wide  range  with- 
out changing  the  kinetic  energy  or  magnetic  energy  as  deter- 
mined by  the  flux,  which  is  stored  in  the  machine.  For  purely 
static  apparatus,  however,  such  a  relation  does  exist  as  is 
shown  in  III.  Even  when  the  wattless  power  it  supplies  is 
balanced,  a  static  network  must  have  a  minimum  of  energy 
storage,  and  this  minimum  varies  with  the  magnitude  of  the 
wattless  load. 

In  the  problem  of  transformation  from  single  phase  to 
balanced  polyphase,  there  is  an  obvious  requirement  for  energy 
storage  irrespective  of  the  character  of  the  transforming  appa- 
ratus. The  power  supplied  by  the  single-phase  line  has  a 
double-frequency  component  and  is  pulsating.  The  power 
drawn  by  the  balanced  polyphase  load,  however,  is  continuous. 
Hence  it  is  clear  that  the  transforming  apparatus  must  store 
up  energy  while  the  single-phase  power  is  at  its  maximum,  to 
be  given  out  again  while  the  single-phase  power  is  at  its  mini- 
mum. This  clearly  calls  for  momentary  energy  storage,  and 
therefore  for  a  minimum  mean  energy  storage  dependent  on 
the  load.  In  rotating  phase-converters,  such  as  are  in  general 
use,  the  pulsations  are  in  the  kinetic  energy  of  the  rotor.  The 
mean  kinetic  energy  on  the  rotor  is  in  general  far  in  excess  of 
the  minimum  mean  energy  called  for  by  the  nature  of  the 
transformation.  This  is  because  the  heating  limitations  upon 
transforming  electrical  energy  into  mechanical  are  what 
determine  the  size  of  the  rotor,  rather  than  the  energy  consider- 
ations. If  the  heating  limitations  could  be  removed,  the  most 
economical  rotating  phase  converter  would  be  one  in  which  the 
rotor  would  come  to  rest  twice  per  cycle,  and  where  the  maxi- 
mum velocity  of  the  rotor  would  vary  with  the  load.  It  is 
remarkable  that  networks  of  static  apparatus  can  be  devised 
which  will  effect  the  phase  transformation  with  the  minimum 
amount  of  energy  storage  called  for  above,  provided  that  the 
polyphase  power  factor  exceeds  0.707.  This  is  shown  in 
section  3.  In  such  networks  the  condensers  are  without 
charge,  and  the  reactors  without  flux  simultaneously  twice 
every  cycle. 

In  all  which  follows,  by  static  network  is  meant  a  network 
constructed  of  self  and  mutual  inductors,  condensers  and 
resistors. 
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I.  Power  and  Energy 

Power  and  energy  in  an  alternating-current  circuit  are 
periodic  and  may  be  eicpanded  into  a  Fourier  series.  If  har- 
monics of  current  and  voltage  are  absent,  these  Fourier  develop- 
ments consist  only  of  two  terms,  a  constant  and  a  double- 
frequency  term.  The  constant  may  in  particular  be  zero. 
Thus  strictly  speaking,  it  is  erroneous  to  speak  of  power  and 
energy  as  double-frequency  quantities.  Actually  they  consist 
respectively  of  two  components,  one  of  zero  frequency  and  one 
of  double  frequency.  These  two  components  are  easily 
expressed  in  terms  of  complex  voltage  and  current. 

U  E  =  €{  +  j  €2,  Si  complex  quantity,  denotes  an  alternating 
e.  m.  f.  in  the  usual  way,  the  instantaneous  e.  m.  f.,  e,  is  given 

by  _  _ 

e  =  Real  part  of  ( V2  E  e^'^0  =  V2/2  {E  e^"'  +  £  c"-'*^') 

where  A  =  ei  —  j  e^  is  the  complex  number  conjugate  to  E, 
that  is  having  the  same  real  part  but  with  pure  imaginary  part 
of  opposite  sign. 

Similarly,  if  /  denotes  an  alternating  current,  its  instan- 
taneous value  i  is  given  by : 

i  =  real  part  of  (\/27  c->"0  =  V272  (/  c>"'  +  /  e-^'«<  ) 

The  instantaneous  power  p  is  given  by  the  product  of  the 
instantaneous  e.  m.  f.  and  the  instantaneous  current.    Thus: 

p  =  1/2  (E  e^<^^  +  iS  €-^'"0  (I  c^'^'  +  /  €-J^n 
=  1/2  {El  +  EI  c^i"'  +£l  +  £I  ^-y^^) 
=  real  part  of  (E  I  +  E  I  e^^^O 

Thus  the  instantaneous  power  consists  of  a  constant  component, 
real  part  of  E  /,  and  a  double-frequency  component,  real  part 
of  E/c^^'^'. 

In  the  complex  plane,  the  quantity  E  1  +  E I  c^^"'  is  repre- 
sented by  a  point  describing  synchronously  the  perimeter  of  a 
circle  whose  center  is  the  point  E  /,  and  whose  radius  is  the 
absolute  value  of  E  I.  Since  E  I  and  E I  have  the  same 
absolute  values,  the  circle  passes  through  the  origin. 

It  becomes  clear  at  once  from  Fig.  1  that  when  E  /  is  real 
and  positive,  the  circle  lies  entirely  to  the  right  of  the  j  axis, 
so  that  the  power  is  always  positive ;  when  E  /  is  pure  imagi- 
nary, the  circle  has  the  j  axis  for  a  diameter  so  that  the  power 
is  positive  and  negative  respectively,  half  the  time. 
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By  the  angle  of  a  vector  in  the  complex  plane  is  meant  the 
angle  which  it  makes  with  the  real  axis.  In  Fig.  1,  0  is  the 
angle  of  E  I.  The  angle  of  the  product  of  two  vectors  is  the 
sum  of  the  angles  of  the  two  vectors  respectively.  The  angle 
of  the  conjugate  of  a  vector  is  the  negative  of  the  angle  of  the 
vector.  Hence,  the  angle  of  E  I  being  the  difference  between 
angle  of  E  and  angle  of  /,  is  the  angle  of  lag  of  /  behind  E. 
Hence: 

cos  d  =  power  factor. 


,      ^  _   Pure  imaginary  part  of  E I 
"  Real  part  of  E  I 


part 

In  any  balanced  polyphase  system,  the  e.  m.  fs.  in  the 
successive  phases  are  given  hy  E,  a  E,a^E, a"-^  E, 


Fig.  1 


where  a  is  a  primitive  complex  nth  root  of  unity.     If  n  =  3, 
a  =  -  1/2  +  ;  V372. 

It  is  readily  seen  that  a  is  conjugate  to  o"  ^  a^  is  conjugate 
to  a"-',  etc. 

If  the  phases  are  carrying  balanced  currents,  they  will  be 
given  by  /,  a  /,  a^  /,  .  .  .  a*"*  /. 

To  obtain  the  power  we  need  the  conjugates  of  the  preceding 
quantities,  and  since  the  conjugate  of  a  product  is  the  product 
of  the  conjugates  we  get  for  the  conjugate  values,  /,  a«"^  /, 
o«-2  /,  .  .  .at. 

The  instantaneous  power  in  the  successive  phases  is,  there- 
fore, real  part  of  (E  t  +  E I  c^i"'),  real  part  of  (a  E  a--^  / 
+  aEaI  €y<^0,  real  part  of  (a^  E  a"-*  I  +  a^Ea^I  €V«<),  etc. 

Summing  these  up  and  noticing  that  1  +  a^  +  a*  +  .  .  . 
a«(«-i)  =  0  we  get  for  the  total  power, 
V  =  real  part  of  (n  El). 
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In  a  balanced  polyphase  system,  the  instantaneous  power 
input  is  constant  in  time. 

The  instantaneous  magnetic  energy  contained  in  a  system  of 
circuits  magnetically  coupled  is: 

tm  =  1/2  (Ln  ii2  +  L22  ii"  +  2  M12  ii  12  +  .  .  .) 

where  Lu,  L22,  Mn  etc.  are  the  coefficients  of  self  and  mutual 
induction  of  the  parts  of  the  system.    Substituting 

il   =    V272  (/,  €^"'   +  /i  €-i"0,  12  =   V2/2  (I2  €^'"'  +  I2  €->«0' 

etc. 

<.  =  1/2  (Ln /i /i  +  L22 /2  A  +  M[/i  A  + /i /2I  +  .  .  .)  ' 
+  1/2  (1/2  [Ln  Ii'  +  L22 1 2'  +  2  M12  /i  /2 

+  .   .   .  ]  €V"' 

+  1/2  [Ln  A^  +  L22 12'  +  2  M12  /i  /2  +  .  .  .  ]  €-^^"0 
=  T«  +  real  part  of  1/2  [Ln  li"  +  L22  /a^  +  2  M u  /i  /a 

+  .   .   .  1  €2i«« 

T«   =   1/2  (Ln  /l  /l   +  L22  /2  /2   +  M  [/i  /2  +  /i  /2]   +   .    .    .) 

therefore  represents  the  mean  magnetic  energy.     It  is  always 
real  and  positive. 

The  instantaneous  electrostatic  energy  in  a  group  of  con- 
densers is     ^  =  1/2  (-^  +  -^ —  +  .  .  ..   ) 

\    Ci  C2  / 

9i  =   fudt  =    f  V2/2  (/i  €^«'  +  /,  €->"0  dt 

=  V2/2  (-^  e.-  +  ^i^  e-.-  ) 
Similarly  for  92  g's .  .  .  etc.    Substituting  in  (^ 
<.  =  l/2(J-A|L+J_ii^  + ) 

\     Ci  0)^  C2         0)2^  / 


Ii'         ,-     h' 


T.  +  real  part  of  l/2[  -  1/c,  ^^^ Icj 


CO  «- 


.    .    .  ]  €«"' 
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T.  =  1/2  l-^  hJ^j^  ^  Ll(i  + )    therefore   rep- 

presents  the  mean  electrostatic  energy.     It  is  always  real  and 
positive. 

The  instantaneous  rate  of  heat  generation  in  a  system  of 
resistors  is  d  =  ri  ii^  +  r2  ^2^  +  .  .  .  .  Substituting  the  equiv- 
alent complex  quantities: 

d  =  (ri  /i  /,  +  r2  /2  A  +  .  .  . )  +  1/2  ( [ri  L'  +  r.  U 

=  D  +  real  part  of  1/2  [ri  /i^  +  ra  /•>'  +  .  .  .  ]  c->*^' 

D  =  ri  /i  /i  +  ro  /2  /2  +  .  .  .  .  gives  the  mean  rate  of 
energy  dissipation  into  heat.     It  is  always  real  and  positive. 

II.  The  Relation  Between  Power,  Electrostatic  and 
Magnetic  Energy  and  Heat  Generation 

Suppose  an  arbitrary  system  of  inductances,  capacities  and 
resistances  given,  having  n  terminals.  Let  VuVt.  .  .  y«,  n 
complex  numbers  denote  the  potentials  at  these  terminals,  and 
/i,  /2, .  .  .  In  the  currents  at  the  terminals,  taken  positive 
when  they  flow  into  the  system.  Let  y„+i,  yn+2,  .  .  .  etc.,  be 
the  potentials  at  the  nodes  or  junctions  of  the  branches  of  the 
network.  Let  /«  be  the  current  jrom  the  node  k  to  the  node  l. 
Thus  Iki  =  -  Ilk-  In  what  follows  we  shall  include  the  n 
terminals  among  the  nodes  of  the  system. 

Consider  the  expression 

2  Vk  (/jki  +  /*2  +  .  .  .  . ).     Since   by    Kirchhoff's  laws  hi 
k 

+  /ik2  +  .  .  .  =  0  f or  every  internal  node,  the  whole  must 
reduce  to  Vi  Ii  +  V2ti  +  .  .  .  .  Vn  L 

2   Vife    (Al    +    A2    +    ....)     =    Vl    /l    +    v.  A    +    .     .     .     .     Vn  fn 
k 

(1) 
Take  any  br^ch  a,  joining  two  nodes,  k  and  l.    The  current 

in  the  branch  gives  two  terms  in  the  above  expression,  namely: 

V,  hi  +  Vt  hi  =  Vk  hi  -  Vl  /«  =  (F*  -  V,  )  hi 

=  iVk-Vi)h 

But       Vk-Vl    =   fa  la+jU  {Laa  I  a  +  M„fc  h  +  Ma.  /. 

^'  '  '  •'  ^  j  0}   C 


a 
a 
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Hence       (V*  —    V*  )  /«    =   ^a  la  h  +  j  O)  {La  la  la  +  Mah  h  la 

+  Made  la  + )  -  J    CO  (-^    ^) 

Now  write  similar  equations  for  the  other  branches.    The  left- 
hand  sides  will  add  up  to  the  left-hand  side  of  (1).    The 
right-hand  sides  will  add  up  to  D  +  2  ;  co  (Tm  —  Te ) 
Hence: 

Vi  /i  +  V2  A  +  .  .  .  Vn  /n  =  D  +  2;  CO  (T.  -  T^ )      (2) 

Hence  the  real  part  oi  ViU  -\-V2l2  +  >  .  .  .  V„  /,.  is  the 
Joulian  heat  generated  per  second,  and  the  pure  imaginary 
part  is  2  J  co  times  the  mean  magnetic  energy  minus  the  mean 
electrostatic  energy. 

III.  Application  of  the  Relation,  Power  Factor  _ 

Compensation 

The  principle  enunciated  in  II  is  frequently  useful  in  deter- 
mining the  possibilities  of  solution  of  certain  problems,  and  the 
minimum  amounts  of  magnetic  and  electrostatic  energy 
storage  necessary. 

Let  us  consider  first  the  problem  of  power  factor  correction 
in  a  polyphase  system  by  static  means.  Because  of  the  possi- 
bility of  introducing  arbitrary  quadrature  e.m.fs.  in  series 
with  any  phase  by  means  of  transformers  placed  across  the 
other  phases,  many  of  us  have  tried  to  compensate  for  lagging 
power  factor  by  means  of  transformers  only.  The  constant 
failure  of  the  schemes  tried  has  convinced  most  of  us  that  the 
idea  is  inherently  impossible,  but  it  is  satisfjring  to  have  a 
definite  proof  of  this  fact. 

The  proposition  is  to  insert  a  network  between  a  polyphase 
supply  and  a  lagging  load  so  as  to  give  unity  power  factor  at 
the  generator  end.  Sum  up  V  /  for  all  the  terminals  of  the 
network.  For  the  supply  terminals,  since  cos  0  =  1,  2  V  /  is 
real;  the  coefficient  of;  is  zero.  For  the  load  terminals  since 
leading  currents  are  supplied  to  the  network  6  is  negative. 
Hence  the  coefficient  of  j  \nV  1  for  a  load  terminal  must  be 
negative.  Its  value  is  the  wattless  power  supplied  to  the  load 
through  that  terminal.  Thus  V 1  summed  up  for  all  the 
terminals  must  have  for  the  coefficient  of  ;  the  negative  of  the 
wattless  power  supplied  the  load.    Hence  by  equation  (2) 

2  CO  (T^  —  Tm)  =  wattless  power  of  load. 
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Hence  in  any  such  network  there  must  be  electrostatic 
storage  of  energy.     In  fact  the  minimum  amount  possible  is 

-fZ —  times  the  wattless  power  of  the  load. 

Z  CO 

IV.  Phase  Splitting 

The  use  of  condensers  and  reactances  for  changing  from 
single  phase  to  polyphase  is  well  known.  We  shall  here  deter- 
mine the  minimum  amounts  of  condenser  and  reactance  energy 
storage  necessary  for  this  purpose.  The  impossibility  of 
supplying  a  balanced  polyphase  load  of  lagging  or  unity  power 
factor  from  a  single-phase  source  by  means  of  reactances  alone 
will  also  be  shown  here. 

Suppose  then  a  network  inserted  between  a  single-phase 
source  and  a  polyphase  load  such  that  the  polyphase  is  bal- 
anced. 

Summing  up  V  /  for  the  load  terminals  we  get  -  nE^ti 
where  E2  is  the  polyphase  voltage  to  neutral,  and  /o  is  the  cur- 
rent per  phase  supplied  to  the  load.  Summing  V  /  up  for  the 
supply  terminals  gives  Ex  U  where  Ei  is  the  single-phase  voltage 
and  /i  is  the  current  taken  from  the  supply.  Hence  for  the 
network, 

2  y  /  =  El  /i  -  n E2  /2  =  z)  +  2i  CO  (r« -  rj.         (20 

The  double-frequency  component  of  power  supplied  by  the 
single-phase  source  is  real  part  of  Ei  /i  e^^"';  that  withdrawn 
by  the  load  is  zero  as  shown  in  II.  This  double-frequency 
power  must  be  supplying  and  removing  energy  from  the 
magnetic  and  electrostatic  fields  in  the  network.  The  integral 
with  respect  to  time  of  this  double  frequency  component,  real 

part  of -75-; —  El  Ii  t^J^^  must  give  the  double  frequency  com- 

ii  J    CO 

ponent  of  the  total  energy  stored.  The  mean  value  of  all  the 
energy  stored  added  to  the  double  frequency  component  must 
never  be  less  than  zero  as  energy  can  never  be  negative.  Hence 
we  must  have 

Tyn  +  Te  is  not  less  than  absolute  value  of  o-^ —    Eyli 

^J   CO 

2co(T«  +  T.)  is  not  less  than  absolute  value  of  Ei  /i. 
Now  absolute  value  of  Ei  /i  is  the  same  as  absolute  value  of 
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El  /i,  and  this,  of  course,  is  not  less  than  the  real  part  of  Ei  /i. 
Using  the  symbol    >  for  "greater  than  or  equals": 

2  o)  (T,n  +  r.)  >_  absolute  value  of  Ei  /i  >^real  part  of  Ei  /i 

~  (3) 

From  equation  (2) 

2  0)  (T„  -  Te)  =  imaginary  part  of  Ei  U  —  imaginary  part 

of  n  E2 12  (4) 

Subtracting  (4)  from  (3) 
4  w  Te  ^  absolute  value  of  Ei  /i—  imaginary  part  of  Ei  /i 

+  imaginary  part  of  n  En  I2  (5) 

Adding  (3)  and  (4)  we  get 
i  (i)Tm  >  absolute  value  of  Ei  /i  +  imaginary  part  of  Ei  /i 

-  imaginary  part  of  n  E2  U  (6) 

In  equation  (5)  the  first  two  terms  on  the  right  must  clearly 

combine  to  give  a  positive  quantity.     If  the  polyphase  load 

has  a  lagging  power  factor,  imaginary  part  of 
n  E2 12  will  be  positive.  Hence  in  this  case  the 
right  hand  side  of  E  will  be  positive,  and  not 
less  than  imaginary  part  of  n  E2 12*  Thus  with 
a  lagging  polyphase  load,  the  minimum  condenser 
energy  storage  for  which  a  network  can  be  con- 
structed is  given  by: 

i  o)Te  =  wattless  power  of  load.  (6') 

Actually,  however,  this  limit  cannot  be  reached,  for  to 
attain  it  we  must  make  imaginary  part  oi  EiU  equal  absolute 
value  of  Ext  I,  Since,  however,  the  real  part  of  EiU  is 
determined  by  the  true  polyphase  power,  this  equality  can  be 
attained  only  os  Ei  ti  becomes  infinite.  (See  Fig.  2).  Equa- 
tion (6)  shows  that  at  the  same  time,  T„,  would  have  to  become 
infinite. 

Similarly  for  a  leading  polyphase  load,  the  magnetic  energy 

Tm  cannot  be  less  than  -j times  the  wattless  polyphase 

power.  To  actually  attain  this  value,  however,  would  require 
zero  single-phase  power  factor  and  infinite  electrostatic  energy. 
A  case  of  special  interest  is  where  the  single-phase  power 
factor  is  unity.  In  this  case  the  imaginary  part  of  Ei  U  is  zero, 
and  the  absolute  value  of  Bi  /i  equals  the  true  single-phase 
power.     Hence  (5)  and  (6)  become: 
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4  CO  Te  >  Single-phase   power  +  poljrphase  wattless  power 

■"  (lagging).     (5'0 

i  o)Tm  >  Single-phase    power  —  polyphase  wattless  power 

(lagging).     (6") 

Networks  are  well  known,  which  effect  phase  splitting  with 
the  minimum  of  condenser  and  reactance  energy  storage  indi- 
cated above.  We  now  see  that  it  is  impossible  to  do  better  in 
this  respect. 

When  the  polyphase  load  has  a  power  factor  less  than 
cos  45  deg.  then  if  network  losses  are  negligible,  equation  (6") 
shows  that  reactance  may  be  dispensed  with  while  still  keeping 
unity  power  factor  on  the  single  phase. 

If  a  phase  splitting  network  employs  the  minimum  amount 
of  energy  storage,  the  total  instantaneous  energy  stored  must 
be  zero  twice  every  cycle.  When  the  inductance  energy  is 
zero,  the  inductance  voltages  are  a  maximum.  When  the 
condenser  energy  is  zero,  the  condenser  voltages  are  zero. 
Hence  in  such  a  network  all  the  inductance  voltages  are  in 
phase  with  each  other  and  in  quadrature  with  the  condenser 
voltages. 

IV.  The  Reciprocal  Relation 

Suppose  a  system  of  terminal  potentials  Vi  y2 .  .  .  Vn 
applied  to  the  terminals  of  a  network  produces  the  terminal 
currents  /i,  /2 .  .  .  /„.  Suppose  a  different  system  of  terminal 
potentials  V/,  V2\  .  .  .  V/  produces  the  terminal  currents 

/,',  /a', .  .  .  /n'.    Then 

Vl  //    +   V2W    +    .     .     .     .Vn  In'    =    Vl'  /l    +    V2'  I2 

+   .     .     .V/In  (7) 

Such  reciprocal  relations  are  well  known  in  mathematical 
physics.  The  proof  as  given  below  follows  the  lines  of  the 
proofs  usually  given. 

Using  the  notation  of  II,  we  have  at  once: 

2  Vk  {Iki'  +  Ik2'  +  Ikz'  +  ...)  =  V,  //  +  V2  // 

*  + .  .  .  y„  /„'      (8) 

Any  branch  a  joining  the  nodes  k  and  I  contributes  two 
terms  to  the  left  hand  member  of  (8),  namely  rV*  hi'  +  Vi  hk'. 


SLBPIAN:  LIMITATIONS  ON  TRANSFORMATIONS    1707 

But 

Vk  hi'  +  y,  /.*'  =  Vk  hi'  -  V,  h'  =  /.'  {Vk  -  Vi) 

=    la     fro  la  +y  W  {Laa  /«  +  Mahh  +  •   •   •) 


+ 


1  /g      1 

JO)       Ca     A 


+  M,. ///.  +  ...)  +-7^  ^' 

J    CO  Co 

Summing  up  for  all  the  branches  gives 

2  Vk  (/*/  +  Ikt'  +  ...)=»•«/.  /„'  +  r6  /» /fc'  +  .  .  .  . 

+  Ma6 /a /6'+M6« /.'/»+.    .     ) 

Iff  IT' 

I  —        I      •*  o  ■*  a  1^     •*  6  ■*  6 


C,      '      c, 


+ 


.  •  .)         (9) 


Similarly,  by  summing  up  2  y^'  (/^,  +  /^,  +  .  .  .)  first  by 

A: 

nodes  and  then  by  branches, 

s  Vk'  (/»!  +  /*2  +  ....)  =  y.'  /.  +  Vi'  /s  +  .. .  y„'  /, 

(8') 
^y*'(/*i  +  /*2  +  .  .  .  .)    =  r„hh'  +r,hh'  +  .  .  . 

+;■  w  (L„„ /„'/„  + Lk, /(,' /» 

+    .     .     .) 

7  /  r  7  '  r 


J  CO    V 


+ 


.  .  .  )  (9') 


Hence  comparing  (8)  (9)  (8')  and  (9')  we  see  that 

V,  /,'  +  v.,  y./  + . .  .  y„  /„'  =  y,'  /.  +  v-/ 1, 

+ . . .  y„'  /„  (7) 

From  equation  (7)  follows  at  once  the  well  known  reciprocal 
properties  of  a  network.    For  example;   suppose  we  supply 
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one  volt  to  the  terminal  1  of  a  network  keeping  the  other 
terminals  at  zero  voltage.  A  certain  current  /j  will  flow  at 
terminal  2.  Now  suppose  we  apply  one  volt  at  terminal  2 
keeping  the  other  terminals  at  zero  potential.  A  certain 
current  //  will  flow  at  terminal  1.  Now  substituting  for  Vi, 
Vs, .  .  .  Vn  the  values  1,  0,  0, .  .  .  0,  and  for  V/,  V,', .  .  .  VJ 
the  values  0,  1,  0. .  .  .  0,  in  equation  (7)  we  find : 

//  =  h 

That  is,  a  volt  placed  at  terminal  1  produces  the  same  current 
at  terminal  2  as  one  volt  placed  at  terminal  2  would  produce  at 
terminal  1. 

In  the  next  section  we  shall  be  concerned  principally  with 
four  terminal  networks  in  which  the  currents  in  pairs  of 
terminals  are  constrained  to  be  equal  and  opposite.  For  this 
special  case,  putting  n  =  4  in  equation  (7)  and  /a  =  —  /i, 
/i  =  -  /2,  /a'  =  -  /i',  1/  =  -  /2',  we  get: 

(Vi  -  Va)  //  +  (V2  -  V4)  h'  =  (V 1'  -  VaO  /,  +  {V2'  -  V,Vi 

Setting    Vi-V,  =  Eu  V2  -  ^4  =  £2,  V/  -  V,'  =  Ex' 

and  Vs'  -  Vi'  =  E2'.    We  find, 

El  //  +  E2 12'  =  E/  I,  +  Et'  h  (7') 

From  this  equation  we  deduce  at  once  this  following  recipro- 
cal relation.  One  volt  difference  of  potential  placed  at  one 
pair  of  terminals  will  circulate  the  same  amount  of  current 
through  a  short  circuit  at  the  other  pair  of  terminals  as  one 
volt  difference  of  potential  placed  at  the  second  pair  will 
circulate  through  a  short  circuit  at  the  first  pair. 

V.  The  General  Single-Phase  Transforming  Network 

Any  network  having  four  terminals  may  be  used  to  receive 
current  at  some  voltage  at  one  pair  of  terminals  and  delivering 
current  at  some  other  voltage  or  phase  at  the  other  pair  of 
terminals.  We  propose  to  investigate  here  what  are  the  limita- 
tions on  such  transformations  by  purely  static  means. 

The  solution  in  detail  for  the  steady  state  in  any  network 
can  always  be  obtained  by  means  of  Kirchhoff 's  Laws  general- 
ized for  complex  quantities.  Given  the  currents  /i  and  1 2  in 
the  two  pairs  of  terminals,  which  we  shall  now  call  the  primary 
and  secondary  terminals,  Ei  and  E2  the  primary  and  secondary 
voltages  may  be  calculated.  Now  the  equations  given  by 
Kirchhoff 's  laws  are  all  linear  in  the  unknowns.      The  process 
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of  solving  them  only  involves  linear  operations.    Hence  Ei  and 
Ei  must  be  linear  functions  of  /i  and  1 2-     Thus: 

El  =  ali  +  bh 

E2  =  6'  /i  +  ch  (8) 

Here  the  quantities  a,  b,  b\  c  are  complex  numbers.     How- 
ever, it  is  easily  seen  th^t  they  are  not  independent. 
In  fact,  applying  the  reciprocal  relation  (7')  we  find: 

El  //  +  E2 12'  =  a  /i  //  +  6  h //  +  &'  /i  I2'  +  cU I2 

and  E/  /i  +  Eo'  U^  ali  //  +  6  // /i  +  6'  // It  +  c /a' It 

Hence  6  /a  //  +  6'  /i  /2'  =  b  It'  /i  +  6'  //  It 

Hence  6  (/o  //  -  /j'  /i)  =  6'  (//  U  -  /i  It') 

Therefore:  6  =  6' 

Thus  the  primary  and  secondary  voltages  and  currents  of 
any  network  of  the  kind  we  are  considering  always  satisfy 
relations  of  the  form: 

^1  =  (ai  +  ;  at)  /i  +  (61  +  ;  62)  It 

Et  =  (61  +  ;  62)  It  +  (ci  +  j  ct)  It  m 

What  is  the  significance  of  the  real  and  pure  imaginary  parts 
of  the  coefficients  in  (8').  Forming  the  power  expression  we 
have: 

El  U  +Etlt^  [ai  /i  /i  +  61  {It  /i  +  /i  It)  +  ci  It  It] 

+  j[at  1 1  /i  +  62  (It  /i  +  /i  It)  +  Ct  It  It] 

=  D+2j  (^{T^-  Te) 

Since  the  two  brackets  are  real,  the  first  must  equal  D  the 
rate  of  generation  of  Joulian  heat.  If  there  are  no  losses  in 
the  network  the  first  bracket  must  be  zero,  and  the  coefficients 
a,  6,  c  must  be  pure  imaginary. 

Since  we  are  interested  in  the  inherent  limitations  upon  the 
transformation  possibilities  of  an  ideal  network,  that  is,  one 
in  which  the  losses  are  zero,  we  shall  assume  in  all  that  follows 
that  a,  6,  and  c  are  pure  imaginary. 

a  =  j  A 
b  =  jB 
c  =jC 

where  ABC  are  real.     The  network  equations  then  are: 

El  =jAIi+jBIt 

Et  =jBIi+jCIt  (8") 
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Let  us  first  consider  the  possibility  of  a  constant  potential 
constant  potential  transformation.    Given  Ei  constant,  we 
require  E2  to  be  independent  of  the  load,  I2. 
Eliminating  /i  in  (8")  we  obtain: 

E2  =  B/A  E,  +  (   ^'Ja^   )  ^2  (9) 

E2  can  be  independent  of  h  only  U  B^  —  A  C  =  0.  This  is 
the  condition  for  perfect  coupling.  Furthermore,  the  coeffi- 
cient of  E  is  real.  Hence  we  conclude,  in  any  constant  potential 
to  constant  potential  transformation  without  losses,  the  trans- 
formed potential  must  agree  in  phase  with  the  primary  poten- 
tial. 

Next  consider  a  constant  potential  constant  current  trans- 
formation.    Solving  (8")  for  1 2  we  get: 


I^  =  -JBE.  +  [^J__\^) 


E2  (10) 


lo  is  independent  of  E2  only  if  A  =  0.  Furthermore  the 
coefficient  of  £\,  is  pure  imaginary.  Hence  in  any  constant 
potential  constant  current  transformation  without  losses  the 
secondary  current  is  in  quadrature  with  the  primary  voltage. 

Let  us  now  discuss  the  problem  of  determining  a  network 
such  that  for  a  given  secondary  load  the  secondary  voltage 
shall  be  in  quadrature  with  the  primary  voltage,  and  the  pri- 
mary power  factor  shall  have  a  predetermined  value. 

The  load  can  be  given  in  terms  of  its  admittance,  ^2  =  Qt 

—  j  62.     The  primary  power  factor  can  be  determined  by 

giving  the  apparent  primary  admittance,  IiEi  =  yi  =  Qi  —  jbi 

Since  there  are  no  losses  in  the  network  we  must  have  (^i  =  Qi 

=  9- 
What  restrictions  do  the  above  conditions  impose  upon  A, 

B,  C?    Substituting  L  =  {g  -  j  61)  Ei,  1^=^  -  {g-j  62)  Ej, 

and  E2  =  j  El  in  (8")>  we  get: 

Ei  =j{g-jby)AE:+j{--g+  j  62)  j  B  E, 
j  Ei  =  j  {g  -  j  b,)  B  Ei  +  j  {-  g  +  j  b2)  j  C  Ei 
Simplifying: 

1  =  biA  +gb+j(gA-b2B) 
1  =gB-b,C+j{-biB-gC) 
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Separating  the  real  and  imaginary  parts  of  these  two  equations, 
we  get: 


1  ^biA+gB 

0  =  fif  A  -  62  J5 

1  =  gB-btC 
0  =  biB  +  gC 

Solving  we  find : 


A  = . . ^^.  .    B=  ,  ,r  .    C=    "^^ 


61 62  +  g^  61  bi  +  g^        ^       61 62  +  g^ 

Thus  we  see  that  A,  JB,  and  C  are  completely  determined  b\ 
the  conditions  imposed  on  the  network.  But  A,  B,  C  deter- 
mine entirely  the  secondary  voltage  in  terms  of  the  secondary- 
current.  Hence  we  conclude,  all  networks  without  losses 
which  effect  phase  quadrature  for  a  given  load  with  given 
primary  power  factor  have  the  same  inherent  regulation  of 
secondary  voltage  as  the  secondary  load  is  varied. 

References 

The  relation  between  wattless  power  and  electrostatic  and 
magnetic  energies  given  in  II,  was  discovered  independently 
by  the  author.  Since  this  paper  was  submitted  to  the  Institute 
the  same  relation  was  proved  in  a  different  manner  by  J.  B. 
Pomey,  Revue  Generale  de  Velectricite,  Vol.  Ill,  9,  pp.  315-319. 
March  2,  1918. 

The  relation  has  subsequently  been  generalized  by  the 
author  to  include  rotating  commutatorless  machines,  with 
many  interesting  conclusions. 

Examples  of  reciprocal  relations  such  as  are  given  in  IV  may 
be  found  in  Maxwell,   ''Electricity  and  Magnetism",  third 
edition,  pp.  105  and  405. 
April  15,  1919. 


Presented  at  a  joint  meeting  of  the  Institution  of 
Electrical  Engineers  and  the  American  Institute 
of  Electrical  Engineers,  Calcutta,  India,  January 
2.  1919. 

Copyright  1919  by  A.  I.  E.  E. 


STARTING  CONDITIONS  OF  SYNCHRONOUS 

MACHINES 


BY  ALFRED   HAY  AND  F.  N.  MOWDAWALLA 


INTRODUCTION 

IN  view  of  the  growing  popularity  and  importance  of  the  syn- 
chronous motor  as  one  of  the  standard  types  of  motor 
available  for  power  distribution  purposes,  and  its  increasing  use 
as  a  means  of  improving  the  power  factor  of  a  load,  no  apol- 
ogy seems  necessary  for  a  paper  containing  a  detailed  study 
of  the  behavior  of  such  a  motor  during  what  has  always 
been  regarded  as  a  somewhat  critical  period — viz.,  the  per- 
iod when  the  motor  is  being  accelerated  from  rest  to  syn- 
chronous speed.  The  subject  is  by  no  means  a  new  one,  and 
has  already  been  dealt  with  by  several  writers,  not,  however, 
in  a  manner  sufficiently  thorough  and  exhaustive  to  make  fur- 
ther  contributions  to  it  superfluous,  and  one  of  the  main  objects 
of  the  present  paper  is  to  explain  a  numbier  of  hitherto  some- 
what obscure  points,  and  to  draw  attention  to  others  which 
have  not  previously  been  noticed. 

Review  of  Previous  Work  on  the  Subject 

The  earliest  paper  specially  demoted  to  a  study  of  the  starting 
conditions  in  synchronous  machines  appears  to  be  one  read  in 
1912  before  the  American  Institute  of  Electrical  Engineers  by 
C.  J.  Fechheimer.^  In  this  the  author,  after  some  general 
introductory  remarks,  gives  an  account  of  experiments  made 
to  determine  (1)  the  relation  connecting  the  starting  torque 
with  the  impressed  potential  difference  under  various  con- 
ditions and  (2)  the  variation  of  torque,  current  and  power  factor 
with  speed,  while  the  rotor  is  accelerated  from  rest,  a  constant 
potential  difference  being  maintained  across  the  stator  ter- 
minals. The  experimental  results  are  embodied  in  an  interesting 
series  of  curves.  Among  the  questions  discussed  by  the  au- 
thor are  the  desirability   or  otherwise  of  keeping  the  field 

1.  C.  J.  Fechheimer,  Trans.  A.  I.  E.  E.  Vol.  XXXI,  1912,  p.  529. 
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circuit  open  during  the  acceleration  period,  and  the  tendency 
of  certain  synchronous  machines  to  run  in  the  neighborhood 
of  half  the  speed  of  synchronism.  Fechheimer's  paper  gave 
rise  to  a  very  interesting  discussion. 

In  1913  E.  Rosenberg^  read  a  paper  before  the  Institution  of 
Electrical  Engineers,  on  Synchronizing  machines  in  which  he 
considered,  among  other  things,  the  occurrences  during  the 
starting  period,  and  discussed  in  some  detail  the  behavior 
of  the  machine  towards  the  end  of  the  acceleration  period,  just 
before  it  is  pulled  into  synchronism.  It  may  be  mentioned 
that  in  the  discussion  on  Fechheimer's  paper,  it  was  stated  by 
B.  G.  Lamme  that  it  was  "diflBcult  to  see  just  what  is  going  on 
in  the  motor  at  the  instant  it  pulls  into  synchronism."  So  far 
as  the  aiithors  are  aware,  Rosenberg's  was  the  first  attempt  to 
furnish  a  detailed  explanation  of  the  action  in  question. 

The  next  contribution  to  the  subject  is  one  by  F.D.Newbury, 
in  the  form  of  a  paper  read  before  the  American  Institute  of 
Electrical  Engineers  in  June  1913.'  The  main  interest  of  this 
paper  lies  in  the  oscillographic  records  which  are  given  of  the 
starting  period. 

In  December  1917  the  authors  of  the  present  paper  published, 
in  the  Journal  of  the  Indian  Institute  of  Science,  an  account 
of  some  experimental  investigations  of  the  occurrences  during 
the  starting  period  of  a  synchronous  machine,  and  a  full 
theoretical  discussion  of  the  type  of  induction  motor  whose 
stator  is  supplied  with  polyphase  currents,  and  whose  rotor  is 
provided  with  a  single-magnetic-axis  winding.  As  will  be  seen 
later  the  theoretical  results  obtained  explain  in  a  satisfactory 
manner  certain  striking  peculiarities  exhibited  by  the  machine 
during  the  starting  period. 

The  most  recent  addition  to  the  literature  of  the  subject 
is  an  article  by  Theo.  Schou  in  the  Electrical  World  of  April 
6th,  1918  (Vol.  71,  p.  714).  In  this  article  the  author  points 
out  that  a  satisfactory  selfstarting  synchronous  motor  should 
partake  of  the  characteristics  of  both  an  induction  motor 
and  an  alternator,  and  should  present  features  of  design 
intermediate  between  these  two  classes  of  machines.  He 
accordingly  advocates  the  use  of  a  shorter  air  gap  and  longer 

2.  E.  Rosenberg,  ''Self-synchronizing  Machines."  Journal  of  the 
Institution  of  Electrical  Engineers,  Vol.  51,  p.  62  (1913). 

3.  Transactions  of  the  Ameriwtn  Institute  of  Electrical  Engineers, 
Vol.  32,  p.  1509. 
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polar  arc  than  are  customary  in  alternators  of  standard  design. 
He  further  suggests  the  use  of  materials  having  a  pronounced 
skin  effect  for  the  squirrel-cage  windings  of  self-starting 
synchronous  motors*  and  points  out  the  advantages  of  frac- 
tional-pitch windings  in  reducing  the  troubles  arising  from 
dead  points. 

Torques  Concerned  in  Accelerating  the  Motor  and  in 

Pulling  it  into  Synchronism 

The  self-starting  synchronous  motor  is  accelerated  and  fin- 
ally pulled  into  synchronism  by  the  action  of  a  number  of 


Pig.  1 — Flux    Distkiuutions  for  Different  Relative  Positions  of 

Stator  Field  and  Magnet  Poles 

torques,  differing  widely  from  each  other,  and  the  resultant 
effect  of  which  will  largely  depend  on  their  relative  importance. 
Cases  may  arise  where,  owing  to  the  preponderance  of  a 
certain  type  of  component  torque,  it  may  be  impossible  to  get 
the  machine  to  run  up  to  synchronous  speed.  Again,  the 
torques  concerned  in  the  initial  acceleration  of  the  rotor  are 
quite  distinct  from  the  torque  which  finally  pulls  it  into  syn- 
chronism. The  authors  are  of  opinion  that  no  really  clear 
understanding  of  the  occurrences  during  the  starting  period  is 
attainable  without  a  detailed  study  of  the  various  torques  which 
act  on  the  rotor  during  that  period.  It  will  accordingly  be 
necessary  to  consider  the  nature  of  the  various  torques 
concerned.    These   torques    may    be    classified    as    follows: 

4.  The  utilization  of  the  skin  effect  in  the  rotor  conductors  of  induction 
motors  was  patented  by  H.  M.  Hobart  in  1900. 
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1.  Torque  due  to  varying  magnetic  reluctance  (synchronous 
torque.) 

2.  Torque  due  to  hysteresis. 

3.  Torque  due  to  starting  squirrel-cage  or  damping  coils  if 
present. 

4.  Torque  due  to  currents  induced  in  the  field  winding,  if 
this  winding  is  closed. 

5.  Torque  due  to  eddy  currents. 

1.    Torque   Due    to   Varying    Magnetic    Reluctance 

It  is  a  well  known  general  principle  of  electromagnetism  that 
any  electromagnetic  system  which  includes  a  movable  member 
tends  to  assume  a  configuration  which  corresponds  to  minimimi 
reluctance  and  therefore  maximimi  flux.  Displacements  of 
the  movable  member  from  the  position  of  minimum  reluc- 
tance call  into  play  forces  tending  to  restore  it  to  that  posi- 
tion. The  application  of  this  general  principle  to  the  special 
case  of  a  salient  pole  rotor,  which  is  acted  on  by  the  rotating 
field  of  thestator,  will  be  easily  understood  by  reference  to  Fig. 
1.  In  this  figure,  three  different  positions  of  one  of  the 
rotor  poles  are  shown  relatively  to  the  stator  polar  surfaces. 
The  center  of  the  stator  polar  surface  is  in  each  case  marked 
with  the  letter  N.  In  Fig.  iB,  the  relative  positions  of  the 
rotor  and  stator  polar  surfaces  correspond  to  minimum  reluc- 
tance, and  from  the  symmetry  of  flux  distribution  it  is 
immediately  obvious  that  there  is  no  tangential  pull  on  the 
rotor.  In  Fig.  1a,  the  rotor  pole  is  shown  displaced  from  the 
position  of  minimum  reluctance  in  one  direction,  and  in  Fig.  Ic 
in  the  opposite  direction.  If  we  bear  in  mind  that  the  dyn- 
amical stresses  correspond  to  a  tension  along  the  lines  of 
force  and  a  pressure  at  right  angles  to  them,  it  is  easy  to  see 
that  in  Fig.  lA  there  is  a  tangential  force  acting  on  the  pole  from 
right  to  left,  while  in  Fig.  Ic  it  acts  from  left  to  right.  If  we 
now  suppose  that  the  stator  polar  surfaces  travel  past  the  pole 
in  a  direction  from  left  to  right,  then  the  successive  positions 
will  be  those  shown  in  Fig.  1.  For  every  displacement  of  the 
stator  polar  surface  to  one  side  of  a  rotor  pole,  there  will  be 
an  equal  displacement  to  the  other  side,  and  the  forces  corres- 
ponding to  equal  displacements  in  opposite  directions  will  be 
equal  and  opposite.  Thus  the  rotating  field  will  exert  an 
alternating  torque  on  the  rotor,  and  the  positive  and  negative 
half-waves  of  this  torque  will  be  equal.    The  frequency  of 
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the  torque  will  be  equal  to  twice  the  supply  frequency  multi- 
plied by  the  motor  slip,  and  so  long  as  the  motor  slips,  the 
mean  value  of  the  alternating  torque  due  to  varjdng  magnetic 
i*eluctance  will  be  zero.  The  only  effect  of  this  torque  is  to 
throw  the  rotor  into  forced  vibrations,  having  a  frequency 
equal  to  that  of  the  torque.  Owing  to  the  large  moment  of 
inertia  of  the  rotor  the  vibrations  will  be  imperceptible  for  large 
values  of  the  slip,  i.  e.,  during  the  greater  part  of  the  accel- 
eration period.  When,  however,  the  slip  has  become  suflB- 
ciently  small  and  in  consequence  the  frequency  of  the  torque 
sufficiently  low,  the  amplitude  of  the  rotor  oscillations  will 
become  marked,  and  will  increase  with  decreasing  slip. 

Summing  up,  we  see  that  the  torque  due  to  variable  mag- 
netic reluctance  is  for  all  speeds  below  synchronism  an  altema- 
tmg  torque  consisting  of  equal  positive  and  negative  half-waves, 
and  hence  having  a  zero  mean  algebraic  value.  It  is  there- 
fore quite  inoperative  so  far  as  steady  acceleration  of  the 
rotor  is  concerned,  and  only  produces  equal  periodic  accelera- 
tions and  retardations,  i.e.,  it  causes  oscillations  of  the 
rotor.  The  period  of  these  oscillations  is  determined  by  the 
rotor  slip,  and  steadily  increases  with  decreasing  slip.  At 
the  same  time,  the  amplitude  of  the  oscillation  increases. 

The  graph  of  the  varying  magnetic  reluctance  torque  ex- 
pressed as  a  function  of  the  speed  is  shown  in  Fig.  2a.  For  all 
speeds  below  synchronism  its  mean  value  is  zero,  while  at  syn- 
chronism it  is  capable  of  assuming  any  positive  or  negative 
value  between  definite  limits.  Since  the  speed  of  synchronism 
is  the  only  speed  at  which  this  torque  has  a  value  differing 
from  zero,  we  may  conveniently  refer  to  it  as  the  synchronous 
torque. 

2.     Torque  Due  to  Hysteresis 

In  dealing  with  the  torque  due  to  varying  magnetic  re- 
luctance, we  have  neglected  the  effect  of  hysteresis.  It  now 
becomes  necessary  to  take  this  into  account.  Owing  to  hys- 
teresis the  rotor  will  tend  to  retain  more  or  less  strongly  the 
effects  of  previous  magnetizations.  Thus  referring  to  Figs. 
lA  and  Ic,  if  hysteresis  were  absent,  the  magnitudes  of  the 
torques  in  these  two  cases  would  be  equal.  Owing,  how- 
ever, to  the  fact  that  in  the  position  of  the  rotating  field 
corresponding  to  Fig.  1a  the  magnetization  of  the  rotor  is 
increasing  from  a  lower  to  a  higher  value,  while  in  position  Fig. 
Ic  it  is  decreasing  from  a  higher  to  a  lower  value,  the  actual 
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flux  in  Fig.  Ic  will  be  higher  than  that  in  Fig.  1a.  The  same 
applies  to  each  pair  of  corresponding  or  equidistant  posi- 
tions on  opposite  sides  of  the  position  of  maximum  flux  shown 


Fig.  2 — Torque-Speed  Curves 


in  Fig.  iB.  For  any  such  pair  of  positions,  the  driving  torque 
is  greater  than  the  retarding  torque.  The  effect  of  hyster- 
esis is  thus  seen  to  be  the  production  of  a  disparity  between  the 
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positive  and  negative  half-waves  of  the  varying  magnetic 
reluctance  torque,  the  positive  half-waves  being  uniformly 
larger  than  the  negative  ones.  This  effect  is  equivalent  to 
raising  the  magnetic  reluctance  torque  waves  above  the  axis 
of  time,  i.  e.,  to  the  addition  of  a  steady  driving  torque  to 
the  alternating  magnetic  reluctance  torque.  The  torque 
due  to  hysteresis  is  thus  seen  to  be  a  steady  driving  torque 
and  is  instrumental  in  producing  acceleration  of  the  rotor.  It 
is  to  be  noted  that,  assuming  the  flux  per  pole  to  remain  con- 
stant during  the  acceleration  period,  the  hysteresis  torque 
has  the  same  value  for  all  speeds  below  synchronism.  If  the 
speed  were  made  to  pass  through  synchronism  to  higher  vaules, 
the  hysteresis  torque  would  undergo  reversal  at  synchronism. 
The  graph  of  the  hysteresis  torque  as  a  function  of  the 
speed  is  shown  in  Fig.  2b. 

3.    Torque  Due  to  Starting  Squirrel-Cage  or 

Damping  Coils  if  Present 

Little  need  be  said  about  this  torque,  which  may  be  called 
the  induction  motor  torque,  as  everybody  is  familiar  with 
the  relation  connecting  the  torque  and  speed  of  an  induc- 
tion motor.  The  squirrel-cage  of  a  self-starting  synchronous 
machine  forms  the  rotor  winding  of  an  induction  motor 
whose  stator  windings  are  represented  by  the  armature;  the 
relation  connecting  torque  and  speed  will  be  of  precisely 
the  same  nature  as  in  an  induction  motor. 

The  graph  of  this  torque  as  a  function  of  the  speed  is  of  the 
well-known  form  shown  in  Fig.  2c. 

The  method  of  varying  the  torque-speed  curve  of  an  induc- 
tion motor  by  the  introduction  of  resistance  into  the  rotor  is 
also  well  known.  The  effect  of  introducing  resistance  is  to 
cause  a  shearing  of  the  torque  speed  curves  backwards 
towards  the  origin,  the  maximum  torque  remaining  un- 
affected in  value,  but  occurring  at  a  lower  speed.  If  a 
very  powerful  torque  is  necessary  at  starting,  it  is  advisable 
to  use  a  high-resistance  squirrel-cage.  On  the  other  hand,  with 
such  a  squirrel  cage  the  speed  to  which  the  motor  finally  settles 
down  corresponds  to  a  large  slip,  and  this,  as  will  be  seen 
later  on,  makes  it  more  difficult  to  pull  the  rotor  into  syn- 
chronism. The  ideal  arrangement  would  be  one  in  which  the 
squirrel-cage  resistance  at  starting  is  such  as  to  give  maximum 
torque,   the  resistance  then  automatically  decreasing  with 
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increase  of  speed  in  such  a  manner  that  at  each  speed  maxi- 
mum torque  is  maintained,  until  finally  the  lowest  possible 
resistance  is  reached,  corresponding  to  a  very  small  slip. 
The  use  of  the  skin  effect  in  conductors  for  automatically 
decreasing  the  rotor  resistance  with  increasing  speed  has 
recently  been  proposed  by  Theo.  Schou.* 

4.    Torque  Due  to  Currents  Induced  in  Field  Wind- 
ing, IP  THIS  Winding  is  Closed 

If  the  field  winding  be  closed,  the  currents  induced  in  it  will 
give  rise  to  a  torque,  and  a  careful  study  of  the  nature  of  this 
torque  is  essential  to  a  clear  understanding  of  the  occurrences 
during  the  starting  period.  The  armature  of  the  machine 
may  again  be  regarded  as  forming  the  stator  winding  of  an 
induction  motor,  of  which  the  rotor  winding  is  represented  by 
the  field  coils.  There  is,  however,  this  very  important 
difference  between  the  starting  squirrel-cage  and  the  field  wind- 
ing: the  currents  induced  in  the  squirrel-cage  are  capable, 
according  to  their  distribution  in  space,  of  giving  rise  to  a  field 
whose  magnetic  axes  may  occupy  any  positions  whatsoever 
relatively  to  the  center  lines  of  the  field  poles;  but  the  cur- 
rents induced  in  the  field  winding  can  only  produce  a  field  whose 
magnetic  axes  are  coincident  with  the  center  lines  of  the  field 
poles.  This  is  conveniently  expressed  by  saying  that  the  field 
winding  is  a  "single  magnetic  axis"  winding;  because  it  can 
only  produce  a  field  having  a  single  definite  set  of  magnetic 
axes,  namely,  those  corresponding  to  the  center  lines  of  the  sal- 
ient poles.  Now  a  motor  having  a  polyphase  stator,  but  a 
single-phase  or  single-magnetic-axis  rotor,  exhibits  certain  strik- 
ing peculiarities  which  differentiate  it  sharply  from  a  motor  in 
which  both  stator  and  rotor  windings  are  polyphase.  The 
earliest  reference  to  this  type  of  motor  which  the  authors  have 
been  able  to  find  occurs  in  a  paper  by  H.  Gorges®.  Since  such 
motors  are  not  ordinarily  used  in  practise,  their  characteristics 
do  not  seem  to  be  very  generally  known,  and  have  only  occa- 
sionally been  referred  to.  A  complete  analytical  theory  of 
this  type  of  motor  is  given  in  the  Appendix.  The  torque-speed 
curve  of  such  a  motor  is  shown  in  Fig.  2d,  and  its  most  strik- 
ing characteristic  is    the  torque  reversal  which  occurs  over 

5.  Loc.  cit. 

6.  H.  Gorges:  "Ueber  Drehstrommotoren  mit  venniiiderter  Tour- 
enzahl,  ElektroUchnische  Zeitschrifi,  VoL  17,  p.  517  (1896.) 
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a  certain  range  of  speed  in  the  neighborhood  of  half- 
synchronism.  The  analytical  theory  of  this  motor,  is  some- 
what complicated,  but  the  following  general  explanation 
based  on  a  paper  published  in  1898  by  F.  Eichberg'  may 
be  useful.  The  currents  induced  in  the  single-phase  rotor 
winding  by  the  rotating  field  of  the  stator  give  rise  to  a  field 
which,  relatively  to  the  rotor  core,  is  a  simple  alternating  or 
oscillating  field.  By  a  well-known  transformation  this  oscill- 
ating field  may  be  replaced  by  two  equal  and  (relatively 
to  the  rotor  core)  oppositely  rotating  fields,  the  crest  value 
of  each  rotating  field  being  half  the  maximum  crest  value 
of  the  oscillating  field.  Now  if  the  slip  of  the  motor  be  s  and 
if  its  speed  of  synchronism  be  denoted  by  w,  the  frequency  of 
the  rotor  currents  will  be  s  /,  where  /  is  the  frequency  of  sup- 
ply, and  the  speed  of  its  component  rotating  fields  relatively 
to  the  rotor  core  will  be  s  n,  the  speed  of  the  rotor  in  space 
being  (1  —  s)  n.  Regarding  the  direction  of  rotation  of  the 
rotor  as  positive,  the  speed  of  one  of  the  rotating  fields  re- 
latively to  the  rotor  core  is  +  s  n,  while  that  of  the  other  is 
—  s  w.  Hence  the  speeds  of  the  rotor  rotating  fields  J,n 
space  are  s  n  +  (1  -  8)  n  =  n,  and  -  s  n  +  (1  -  s)  n  =  (1  — 
2  s)  n.  The  interaction  between  the  stator  field,  and  the  first 
rotating  component  of  the  rotor  field,  whose  speed  n  in  space 
is  the  same  as  that  of  the  stator  field,  gives  rise  to  a  torque  in 
every  respect  similar  to  that  of  an  ordinary  induction  motor 
with  polyphase  windings  on  both  stator  and  rotor.  The 
second  rotating  component  of  the  rotor  field,  whose  speed  in 
space  is  (1  —  2  s)  w,  is  clearly  incapable  of  reacting  with  the 
stator  field  in  such  a  manner  as  to  give  rise  to  a  resultant 
torque;  for,  owing  to  the  difference  of  speed,  the  relative 
position  of  the  fields  is  constantly  changing,  periodically 
passing  through  a  succession  of  cycles  during  each  of- which 
the  average  algebraic  value  of  the  torque  is  zero.  Although 
incapable  of  torque  production  by  interaction  with  the  stator 
field,  the  second  rotating  component  of  the  rotor  field  is  capable 
of  giving  rise  to  a  torque  by  different  kind  of  action.  In 
sweeping  across  the  stator  conductors,  it  induces  in  them 
e.m.fs.  of  frequency  (1—2  8)  /,  and  these  produce  currents 
of  the  same  frequency  in  the  stator  windings  and  the  cir- 
cuit  external  to   them  (represented  by  the  mains  and  every- 

7.  F.  Eichberg,  Zeitschrifi  fur  Elektrotechnik  (Wein),   Vol.    16,  p.  578 
(1898). 
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thing  connected  across  them,  generators,  motors,  lamps, 
etc.).  Since  the  total  impedance  external  to  the  stator  wind- 
ings is  extremely  small  in  comparison  with  that  of  the 
windings  themselves,  the  result,  so  far  as  the  currents  of  fre- 
quency (1  —  2  s)  /  are  concerned,  is  nearly  the  same  as  if  the 
stator  windings  were  short-circuited.  The  currents  give  rise  to 
a  rotating  field  whose  speed  (1  —  2  s)  w  in  space  is  the  same  as 
that  of  the  inducing  rotor  field,  and  the  interaction  of  these 
two  fields  whose  relative  space  position  is  invariable,  results  in 
the  production  of  a  torque.  To  fix  ideas,  we  may  think  of 
the  second  component  of  the  rotor  field  as  produced  by  a  poly- 
phase winding  on  the  rotor  supplied  with  suitable  polyphase 
currents  having  a  frequency  s  /,  and  of  the  rotating  field 
due  to  this  as  inducing  currents  of  frequency  (1  —  2  «)  /  in 
the  stator  windings.  The  arrangement  would  then  be  equiv- 
alent to  a  polyphase  motor  whose  primary  is  represented  by 
the  rotor  and  whose  secondary  is  represented  by  the  stator. 
The  slip  of  this  imaginary  motor  would  be  (1  —  2  s)  and  so 
long  as  s  is  less  than  J/^,  the  slip  and  torque  would  be  posi- 
tive. Zero  slip  would  occur  at  8  =  J^,  i.  e.,  at  half  the  speed 
of  synchronism.  Beyond  this  point  the  slip  and  torque  would 
assume  negative  values. 

The  resultant  torque  of  the  motor  would  be  obtained  by 
taking  the  algebraic  sum  of  the  torques  due  to  the  two  oppos- 
itely rotating  components  of  the  oscillating  rotor  field.  This 
torque  is  represented  by  the  full  line  curve  in  Fig.  2d,  the 
dotted  and  chain-dotted  curves  corresponding  to  the  com- 
ponent torques  due  to  the  two  rotating  components  of  the 
rotor  field. 

If  we  suppose  that  the  torque  arising  from  the  current  in  the 
field  winding  is  large  in  comparison  with  the  other  torques  act- 
ing on  the  rotor,  so  that  the  dominant  effect  is  that  due 
to  the  field  winding,  then  it  is  evident  that  the  torque  reversal 
which  occurs  at  half-synchronous-speed  will  tend  to  make  the 
machine  run  in  the  neighborhood  of  that  speed,  and  it  will 
then  be  impossible  to  run  the  machine  up  to  full  synchronism. 

In  the  discussions  which  have  taken  place  regarding  the 
tendency  of  the  machine  to  settle  down  to  a  speed  in  the 
neighborhood  of  half-synchronism,  erroneous  views  have  fre- 
quently been  expressed.  Some  engineers  appear  to  hold  the 
opinion  that  the  machine  locks  into  exact  half-synchronism. 
As  we  have  seen,  the  speed  to  which  it  settles  down,  although 
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near  half-sjmchronism,  is  not  definite,  and  may,  according  to 
the  special  circumstances  of  each  case,  be  anywhere  in  the 
neighborhood  of  that  speed.  It  is  no  more  correct  to  say  that 
the  machine  locks  into  half-synchronism,  than  it  would  be  to  say 
that  an  ordinary  induction  motor  locks  into  full  synchronism. 

5.    Torque  Due  to  Eddy  Currents 

If  the  field  structure  is  laminated  throughout,  the  torque 
due  to  eddy-currents  will  be  insignificant.  The  case  is  other- 
wise, however^  with  solid  field  poles  in  which  large  eddy- 
currents  may  arise.  If  we  were  to  imagine  the  rotor  replaced 
by  a  solid  cylinder  of  conducting  material,  then  the  rotating 
field  of  the  stator  would  give  rise  to  rotating  eddy-current 
sheets  in  the  conducting  cylinder,  and  the  axes  of  such  cur- 
rent sheets^  would  follow  the  axes  of  the  rotating  stator 
field.  There  would  in  this  case  be  perfect  freedom  of  motion 
of  the  axes  of  the  current  sheets  relatively  to  the  rotor,  and 
this .  condition  is  closely  approximated  to  in  an  ordinary 
squirrel-cage  winding.  If  we  next  suppose  that  the  conduct- 
ing cylinder  is  cut  up  into  a  number  of  sectors  by  radial  bar- 
riers of  insulating  material,  then  the  freedom  of  motion  of 
the  axes  of  the  current  sheets  relatively  to  the  rotor  would  be 
largely  destroyed,  and  these  axes  could  only  swing  through  an 
angular  distance  not  exceeding  the  angular  width  of  a  sector. 
Now  this  is  approximately  the  case  corresponding  to  a  salient 
pole  rotor  with  solid  poles.  In  such  a  rotor,  owing  to  the 
restriction  imposed  on  the  free  development  of  eddy  cur- 
rents by  the  relatively  large  spaces  between  the  field  poles,  the 
axes  of  the  eddy  currents  can  only  travel  through  a  relatively 
short  distance.  If  the  axes  could  not  travel  at  all,  the  ar- 
rangement would  be  identical  with  that  of  a  rotor  having  a 
single  magnetic  axis  winding;  while  if  the  axes  could  travel  with 
perfect  freedom,  it  would  be  identical  with  that  of  a  squirrel- 
cage  rotor.  Hence  we  see  that  the  torque  due  to  eddy  cur- 
rents in  the  solid  field  cores  will  partake  partly  of  the  nature 
of  the  torque  due  to  a  single-magnetic-axis  rotor  winding,  and 
partly  of  that  due  to  an  ordinary  polyphase  rotor.  The  single- 
magnetic-axis  effect  is,  however,  in  many  cases  found  to  pre- 
dominate, and  considerable  difficulty   may   then   be    exper- 

8.  By  the  axes  of  the  current  sheets  are  meant  the  lines  along  which 
the  current  density  is  zero  or  the  lines  with  which  all  the  individual  cur- 
rent filaments  are  linked. 
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ienced  in  getting  the  rotor  to  pass  well  beyond  half-synch- 
ronous speed. 

Pulling  into  Synchronism 

Of  the  various  torques  concerned  in  accelerating  the  rotor 
from  rest  to  synchronism,  three,  namely  the  induction  motor, 
the  single-magnetic-axis  and  the  eddy  current  torque,  are 
functions  of  the  speed,  and  may  hence  conveniently  be  refer- 
red to  as  the  speed  torques.  Let  us  suppose  that  by  the 
action  of  the  speed  and  hysteresis  torques  the  rotor  has  been 
brought  to  a  speed  not  far  removed  from  synchronism.  Since 
in  the  neighborhood  of  synchronism,  the  speed  torques  rapidly 
decrease  with  decreasing  slip — as  shown  in  Fig.  2 — and  assume 
zero  values  at  synchronism,  it  is  evident  that  these  torques 
would  never  be  able  to  bring  the  rotor  up  to  full  synchronism ; 
and  the  hysteresis  torque  is  generally  much  too  weak  to 
effect  this.  The  rotor  is  finally  pulled  into  synchronism  by 
the  varying  magnetic  reluctance  torque,  and  is  maintained  at 
synchronous  speed  by  the  same  torque,  all  the  other  torques 
vanishing  at  that  speed.  As  already  explained,  the  varying 
magnetic  reluctance  torque  may  for  this  reason  be  conven- 
iently termed  the  synchronous  torque,  and  we  shall  in  what 
follows  refer  to  it  as  such. 

We  have  already  seen  that  the  synchronous  torque  is  an  al- 
ternating torque  having  a  zero  mean  value  for  all  speeds  other 
than  that  of  synchronism,  and  is  thus  incapable  of  exerting 
any  steady  driving  or  accelerating  effect  so  long  as  the  speed 
of  the  rotor  is  below  synchronism.  The  frequency  of  the  syn- 
chronous torque  is  given  by  2  s/.,  and  the  forced  oscillations  of 
the  rotor  to  which  the  synchronous  torque  gives  rise  have  the 
same  frequency  as  the  torque  itself.  Now  the  rotor  speed 
oscillations  call  into  play  a  further  alternating  or  oscillating 
torque,  owing  to  the  fact  that  the  speed  torquds  change  with 
the  speed  of  the  rotor.  The  speed  torques  may  for  small  val- 
ues of  the  slip  be  taken  to  be  proportional  to  the  slip,  and 
hence  their  changes  to  be  proportional  to  the  changes  in  the 
speed.  The  effect  is  the  same  as  if  we  were  to  substitute  for  the 
fluctuating  speed  torques  a  constant  torque  equal  to  the  sum  of 
the  mean  values  of  the  speed  torques,  together  with  an  oscillat- 
ing torque  whose  amplitude  is  proportional  to  that  of  the 
speed  fluctuations. 


19191   HAY  AND  MOWDAWALLA:  STARTING  CONDITIONS  1725 

For  the  sake  of  simplicity  we  shall  assume  the  speed  fluct- 
uations to  obey  the  simple  harmonic  law.  They  may  then 
be  graphically  represented  in  a  vector  diagram  by  the  projec- 
tions on  the  vertical  axis  of  the  vector  0  y  in  Fig.  3,  this  vector 
rotating  at  s  f,  revolutions  per  second.  The  instantaneous 
projection  of  0  V  gives  the  difference  between  the  instan- 
taneous speed  and  the  mean  speed.  Since  the  oscillating 
component  of  the  speed  torques  may,  as  we  have  seen,  in 
the  neighborhood  of  synchronism  be  taken  to  be  propor- 
tional at  every  instant  to  the  difference  between  the  instan- 
taneous and  the  mean  speed,  and  since  increase  of  speed  pro- 
duces decrease  of  speed  torques,  it  is  evident  that  the  oscil- 
lating or  fluctuating  component  of  the  speed  torques  may  be 
represented  by  a  vector  0  F  in  direct  phase  opposition  to  0  V. 
Next,  if  we  assume  that  the  alternating  synchronous  torque 
is  also  a  simple  harmonic  function  of  the  time,  then  the 
resultant  of  the  synchronous  torque  and  the  oscillating  com- 
ponent of  the  speed  torques  will  give  us  the  alternating 
torque  which  gives  rise  to  the  periodic  accelerations  and  retar- 
dations of  the  rotor.  The  phase  of  this  resultant  torque  is 
easily  determined ;  for  since  its  zero  value  must  occur  at  the 
instant  of  maximum  speed,  it  is  evident  that  the  vector  0  R, 
which  represents  the  resultant  torque,  must  be  90  deg. 
ahead  of  0  V,  as  shown  in  Fig.  3.  Lastly,  the  synchronous 
torque  vector  0  5  is  obtained  by  subtracting  from  the  result- 
ant accelerating  torque  0  R  the  oscillating  component  0  F  of 
the  speed  torques.  The  angular  velocity  of  all  the  vectors  in 
the  diagram  of  Fig.  3  is  directly  proportional  to  the  slip, 
being,  in  fact,  equal  to  4  tt  s  /. 

Let  0)  denote  the  excess  of  the  instantaneous  rotor  speed 
over  the  mean  speed  (corresponding  to  the  vertical  projection 
of  0  y  in  Fig.  3),  and  let  y  stand  for  the  instantaneous  result- 
ant accelerating  torque  (vertical  projection  ofO  R).  Then, 
if  K  is  the  moment  of  inertia  of  the  rotor, 

d  CO 

or 

d  (0  =  1/K  y  d  t 

and  hence,  taking  as  the  origin  of  time  the  instant  at  which 
u)  is  zero, 

CO  =  l/K  C  ydt, 
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from  which  it  is  seen  that  the  amplitude  of  the  speed  fluct- 
uation 0  y  is  proportional  to  the  time-integral  over  a  quarter- 
period  of  the  resultant  accelerating  torque;  or,  since  the 
period  of  this  torque   varies  inversely    as  the  slip,  0  V  is 

,       OR 
proportional  to 

By  means  of  the  vector  diagram  of  Fig.  3  we  can  easily 
show  that  the  amplitude  of  the  speed  fluctuations  must  increase 


Fig.   3 — Vector    Diagram   of   Speed    Fluctuations    and    Torques 

with  decreasing  rotor  slip.  For,  assuming  the  diagram  to  rep- 
resent the  conditions  prevailing  at  a  given  mean  speed,  if  the 
mean  speed  increases,  0  R  must  decrease;  for  if  it  were  to  re- 
main constant,  then  owing  to  the  increase  of  its  period  due  to 
the  decrease  of  slip,  its  time-integral  over  a  quarter-period 
would  be  increased,  and  0  V,  which  is  proportional  to  this 
time  integral,  would  increase.  This  again  would  cause  0  F 
{S  R),  which  is  proportional  to  0  V,  to  increase;  but  since 
the  length  0  5  is  constant,  an  increase  of  S  R  could  only 
be  brought  about  by  a  decrease  of  0  /Z  (as  shown  by  the  dot- 
ted lines  OS'  and  iJ'  S'  in  the  figure).  It  follows  a  fortiori 
that  0  R  could  not  increase  with  increase  of  mean  speed. 

We  thus  see  that  as  the  mean  speed  of  the  rotor  grad- 
ually increases,  the  vector  0  V  undergoes  steady  elongation, 
the  vector  0  F  =  S  R  a  similar  steady  elongation  (0  F  is 
proportional  toOV  )  and  the  vector  OR  b,  steady  contrac- 
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tion.  The  vector  0  S  remains  fixed  in  magnitude,  but  grad- 
ually approaches  0  V.  At  the  same  time  the  angular  velocity 
of  all  the  vectors  in  the  diagram  steadily  decreases.  If  we 
were  to  consider  the  actual  paths  traced  out  by  the  extremities 
of  the  vectors  during  the  last  few  cycles  preceding  synchron- 
ism, we  should  find  that  V  traces  out  a  spiral  path  opening 
outwards,  F  a  similar  path,  R  a. spiral  path  contracting 
inwards,  while  S  continues  to  move  in  its  original  circular 
path.  Just  before  synchronism  is  reached,  0  V  is  moving 
with  extreme  slowness  and  0  5  is  only  very  slightly  in  advance 
of  it.  As  0  y,  having  passed  through  the  horizontal  position, 
moves  into  the  first  quadrant,  its  projection  gradually  in- 
creases until  the  value  of  this  projection  when  added  to  the  mean 
rotor  speed  gives  the  speed  of  synchronism.  At  this  instant 
all  the  torques  have  disappeared  with  the  exception  of  the 
synchronous  torque. 

It  is  clear  that  at  the  instant  when  sjmchronism  is  first 
reached  the  synchronous  torque  cannot  be  less  than  the  total 
torque  resisting  the  motion.  For,  if  such  were  the  case,  then 
balance  of  the  total  driving  and  resisting  torques  must  have 
taken  place  at  some  instant  preceding  sjmchronism,  and  such 
balance  would  have  prevented  any  further  increase  of  speed, 
i.  €.,  it  would  have  prevented  the  rotor  from  reaching  syn- 
chronism. Hence  at  the  instant  when  synchronism  is  reached, 
the  synchronous  torque  must  either  equal  or  exceed  the 
total  resisting  torque.  In  the  first  case,  the  rotor  will  steadily 
maintain  synchronous  speed.  In  the  second,  further  accele- 
ration will  take  place,  and  the  rotor  will  settle  down  to  the 
steady  speed  of  synchronism  only  after  a  number  of  oscilla- 
tions, the  final  position  which  it  takes  up  relatively  to  the  stator 
poles  being  such  that  the  synchronous  torque  arising  from  the 
displacement  of  the  magnetic  axes  of  the  stator  and  rotor  is 
exactly  equal  to  the  total  resisting  torque.  Whether  the  rotor 
comes  up  to  synchronous  speed  quietly  without  oscillations,  or 
whether  such  oscillations  take  place  before  it  finally  settles 
down  to  the  steady  speed  of  synchronism,  the  running  will  cor- 
respond to  stable  conditions.  For  in  either  case  a  momentary 
increase  of  speed  results  in  decrease  of  driving  torque,  and  a 
momentary  decrease  of  speed  in  increase  of  driving  torque. 
The  momentary  changes  in  the  driving  torque  which  arise  dur- 
ing speed  fluctuations,  are  due  partly  to  changes  in  the  sjm- 
chronous  torque,  which  tend  to  check  such  fluctuations,  and 
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partly  to  the  reappearance  of  the  speed  and  hysteresis  torques, 
which  have  a  similar  effect. 

Open  Versus  Closed  Field  Windings  at  Starting 

The  advisability  or  otherwise  of  closing  the  field  wind- 
ings at  starting  has  been  repeatedly  discussed.  The  danger 
of  breaking  down  the  insulation  by  the  high  voltage  induced  in 
the  field  windings  when  the  stator  circuits  are  first  connected 
to  the  mains  must  be  taken  into  account.  Although  this  danger 
is  entirely  avoided  by  short-circuiting  the  windings  before  the 
stator  is  connected  to  the  mains,  there  is  no  doubt  that,  from 
the  point  of  view  of  initial  torque  and  rapidity  of  start- 
ing, it  is  inadvisable  to  have  the  field  circuit  closed.  The  effect 
of  closing  field  windings  is  similar  to  that  of  reducing  the 
resistance  of  the  squirrel-cage  or  eddy  current  path, — a 
procedure  which  is  well-known  to  lower  the  initial  torque. 
Again,  as  the  neighborhood  of  half-synchronism  is  approached, 
the  powerful  single-axis  rotor  effect  may  seriously  affect  the 
acceleration  of  the  rotor,  and  may  frequently  entirely  pre- 
vent the  machine  from  attaining  any  speed  greatly  exceed- 
ing that  of  half-synchronism.  In  order  therefore  to  increase 
the  acceleration  of  the  rotor  during  the  early  stages  of  the 
starting  process,  the  field  should  be  kept  open ;  any  risk  of 
breaking  down  the  insulation  may  be  guarded  against  by  the 
use  of  a  suitable  field  break-up  switch. 

Now  although  it  is  advisable  to  keep  the  field  circuit  open 
during  the  initial  stages  of  the  starting  operation  it  by  no 
means  follows  that  it  would  be  equally  advantageous  to  keep 
it  open  until  the  machine  has  been  pulled  into  synchronism. 
The  slip  with  which  the  rotor  ultimately  tends  to  run  under 
the  action  of  the  speed  torques  will  depend  on  the  resistance 
of  the  circuits  in  which  the  currents  giving  rise  to  the  speed 
torques  circulate.  By  lowering  this  resistance  the  torque  will 
be  momentarily  raised  and  the  speed  increased.  Now  closing 
the  field  circuit  would  be  equivalent  to  such  reduction  of 
resistance,  so  that  the  short-circuiting  of  the  field  during  the 
final  stages  of  the  starting  operation  will  cause  the  mean 
rotor  speed  to  approach  more  closely  to  the  speed  of  syn- 
chronism than  would  otherwise  be  the  case.  There  is  thus  a 
distinct  advantage  in  closing  the  field  circuit  during  the  final 
stages  of  the  starting  operation,  after  the  rotor  speed  has 
reached  a   value   not   differing   greatly    from   synchronism. 
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Cases  may  in  fact  arise  where  a  machine  with  its  field  open 
might  refuse  to  pull  into  synchronism,  but  could  be  made 
to  do  so  by  closing  the  field  circuit.  This  conclusion  has 
been  verified  experimentally.  A  certain  machine  was  started 
with  its  field  open,  the  rotor  potential  difference  being 
so  low  that  the  rotor  settled  down  to  a  speed  below  synchron- 
ism, and  refused  to  pull  into  synchronism.  The  moment, 
however,  that  the  field  circuit  was  closed,  the  rotor  locked 
into  synchronism. 

Oscillations  in  Stator   Current   During    the   Period 
Immediately  Preceding  Synchronism 

It  is  well  kngwn  that  as  the  speed  of  synchronism  is  ap- 
proached violent  fluctuations  in  the  stator  current  gradually 
become  noticeable.  These  are  indicated  in  Fig.  5  of  Rosen- 
berg's paper,  and  are  easily  accounted  for.  So  long  as  the 
speed  is  below  synchronism,  the  field  poles  are  slipping  past 
the  stator  poles,  and  periodic  fluctuations  are  taking  place  in 
the  reluctance  accompanied  by  corresponding  fluctuations 
of  reactance  which  throw  the  stator  current  into  oscillations. 
The  frequency  of  these  oscillations  being  2  s/  (since  the 
reluctance  returns  to  the  same  instantaneous  value  after 
the  pole  has  moved  through  a  distance  equal  to  the  pole- 
pitch)  they  are  not  noticeable  at  low  speeds,  and  only  become 
apparent  when  the  slip  has  become  sufficiently  small. 

Some  Experimental  Results 

(o)  Relations  Connecting  Stator  Potential  Difference  with 
Stator  Current,  Stator  Input  and  Power-Factor,  Rotor  Speed 
and  Field  E.  M.  F.  when  Field  is  Open-Circuited.  The  ex- 
periments embodied  in  the  series  of  curves  given  were 
carried  out  on  a  four-pole,  five-kw.  three-phase  converter 
designed  for  a  continuous  current  voltage  of  100-130  volts  at 
a  speed  of  750  rev.  per  min.  This  machine  had  laminated  main 
poles,  was  fitted  with  commutating  poles,  but  had  no  special 
starting  devices.  While  the  experiments  about  to  be  des- 
cribed were  being  carried  out,  the  brushes  were  entirely  removed 
from  the  commutator.  Before  each  set  of  readings  the  ma- 
chine was  allowed  to  run  light  for  a  sufficiently  long  time  to  get 
the  bearings  into  a  steady  state. 

In  the  first  set  of  experiments,  the  results  of  which  are  ex- 
hibited graphically  in  Figs.  4  and  5,  a  number  of  gradually 
increasing  potential  differences  were  applied  to  the  rotor  slip 
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rings,  and  after  the  speed  corresponding  to  any  given  potential 
difference  had  settled  down  to  a  constant  value,  readings  of 
the  speed,  current,  power,  etc.,  were  taken  when  the  potential 
difference  had  been  raised  sufficiently  to  enable  the  machine 
to  lock  into  synchronism,  it  was  still  further  increased,  and 
then  a  second  series  of  readings,  corresponding  to  decreasing 
values  of  the  potential  difference  was  obtained.  In  the 
illustrations  both  the  ascending  and  descending  branches  of 
the  various  curves  are  given. 

Fig.  4  shows  the  relations  connecting  speed  and  field  e.  m.  f. 
with  stator  potential  difference.  Below  a  potential  difference 
of  about  15  volts  across  the  slip  rings  the  machine  would  not 
run  at  all.  The  speed  then  gradually  increased  Vith  the  poten- 
tial difference,  the  increase  becoming  much  slower  beyond 
a  certain  point,  and  at  a  slip  ring-potential  difference  of  about 
45  volts  the  machine  was  able  to  lock  into  synchronism. 
During  the  descending  set  of  readings,  synchronism  was  main- 
tained down  to  a  voltage  of  about  35  volts.  Below  this  point 
the  speeds  obtained  with  given  voltages  were  found  to  be  uni- 
formly higher  than  those  corresponding  to  the  ascending  branch 
of  the  curve.  Since,  as  shown  by  Fig.  5,  the  power  supplied 
to  the  machine  was  found  to  be  lower  for  decreasing  values  of 
the  potential  difference,  in  spite  of  the  higher  value  of  the 
speed,  it  is  to  be  inferred  that  for  decreasing  values  of  the 
potential  difference  the  resisting  torque  was  uniformly  less. 
This  would  indicate  a  decrease  in  the  frictional  resistances, 
probably  due  to  the  temperature  of  the  bearings  being  higher 
during  the  descending  set  of  readings  than  during  the  ascending 
set. 

The  changes  in  the  field  e.  m.  f.  are  related  to  those  in  the 
speed.  The  field  e.  m.  f.  may  be  regarded  as  proportional 
to  the  product  of  two  factors,  namely  the  maximum  flux  per 
pole  and  the  slip.  At  first  the  field  e.  m.  f .  rises  with  in- 
crease of  potential  difference,  indicating  that  the  increase 
of  flux  is  more  important  than  the  decrease  of  slip.  Beyond 
a  certain  point  the  decrease  of  slip  is  more  important  than 
the  increase  of  flux,  and  the  field  e.  m.  f.  begins  to  decrease. 
It  does  not  vanish  at  sjmchronism,  indicating  that  there  is 
either  swaying  or  pulsation  of  the  flux  which  enters  the  main 
poles.  Since  for  descending  values  of  the  potential  differ- 
ence the  speed  is  uniformly  higher  and  hence  the  slip  lower 
than  for  ascending  values,  we  should  expect  the  field  e.  m.  f. 
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to   be  unifonnly  lower  in  the  former  case,   and    the  curve 
of  field  e.  m.  f.  shows  that  such  is  the  case. 

Fig.  5  shows  the  relations  connecting  stator  current,  stator 
power  and  power-factor  with  potential  difference.  The  differ- 
ence between  the  ascending  and  descending  branches  of  the 
power  or  input  curve  has  already  been  referred  to.  It  must 
be  remembered  that  when  the  machine  is  not  running  syn- 
chronously, its  behavior  is  similar  to  that  of  an  induction  motor. 
Hence,  owing  to  the  lower  resisting  torque  during  the  descend- 
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ing  set  of  readings  we  should  expect  a  smaller  current  and 
also  a  lower  power-factor  (as  is  at  once  evident  from  considera- 
tion of  the  circle  diagram)  than  during  the  ascending  set;  and 
the  curves  of  Fig.  5  fully  confirm  this. 

(&)  Relations  Connecting  Stator  Potential  Difference  with 
Speed  and  Field  Current,  when  the  Field  Circuit  is  Closed. 
Figs.  6  and  7  give  the  connection  between  potential  differ- 
ence and  speed  when  the  field  circuit  is  closed  through  vari- 
ous resistances,  and  in  Fig.  6  the  curve  corresponding  to  the 
field  on  open-circuit,  previously  shown  in  Fig.  4,  is  repeated 
for  the  sake  of  comparison. 

When  the  field  was  on  dead  short-circuit,  the  machine  re- 
'fused  to  run  up  to  anything  like    synchronous  speed,  and 
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seemed  to  approach  asymptotically  a  speed  somewhat  above 
half-synchronism.'  The  explanation  of  this  fact  has  already 
been  given  (reference  may  be  made  in  this  connection  to  Fig. 
2d). 

The  curves  of  Fig,  7  show  that  by  the  introduction  of  a  suit- 
able amount  of  resistance  into  the  field  circuit  the  tendency  of 
the  machine  to  settle  down  to  a  speed  in  the  neighborhood  of 
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Flo,  5^CnRVBB  Connecting  Stator  Input,    Current  and  Power 
Factor  with  Stator   P.D.    whrn   Field   Is  Open-Circuited 


half-synchronism  may  be  overcome,  and  that  the  machine 
may  be  made  to  lock  into  synchronism.  This  result  may 
be  explained  as  follows.  Considering  the  complete  torque- 
speed  curve  of  an  induction  machine  over  the  entire  range 
of  slip,  positive  and  negative,  we  may  regard  the  point  of  zero 
slip  as  dividing  this  curve  into  two  branches,  one  of  which 
corresponds  to  positive  values  of  the  slip,  and  the  other  to  neg- 
ative values.  If  we  now  suppose  resistance  to  be  introduced 
into  the  rotor  circuit,  then  as  is  well  known,  the  result  is  to 
produce  a  shearing  of  the  two  branches  of  the  torque  speed 
curve  in  opposite  directions  from  the  point  of  zero  slip. 
Referring  now  to  the  torque  speed  curves  of  Fig.  2d,  it  must 
be  noticed  that  the  point  of  zero  slip  for  the  chain-dotted  curve 

9.  Incidentally  the  foot  that  the  machine  reached  a  speed  in  excess  of 
haU-aynohronism  definitely  disposes  of  the  erroneous  view  previously 
referred  to  that  the  macbuie  tends  to  look  into  exact  balf-synohronism. 
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corresponds  to  half-synchronism,  while  for  the  dotted  curve 
the  point  of  zero  slip  is  at  full  synchronism.  From  this  it  fol- 
lows that  the  introduction  of  resistance  will  in  the  r^on 
between  half  and  full  synchronism  cause  a  shearing  of  the 
dotted  and  chain-dotted  curves  in  opposite  directions,  the 
dotted  curve  being  sheared  from  left  to  right,  while  the  chain- 
dotted  one  is  sheared  from  right  to  left.  It  is  easy  to  see  that 
this  will  cause  a  rise  of  the  minimum  in  the  resultant  curve 
(the  full  line  curve  of  Fig.  2d),  and  if  the  resistance  remains 
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sufficiently  large  the  minimum  resultant  torque  will  assume  a 
porative  value,  so  that  the  driving  torque  will  be  positive 
over  the  entire  range  of  speed  from  zero  to  synchronism. 
The  shearing  of  the  dotted  and  chain-dotted  curves  in 
opposite  directions  in  the  region  between  half  and  full  syn- 
chronism is,  however,  only  one  of  the  causes  concerned  in 
suppressing  the  negative  portion  of  the  resultant  torque-speed 
curve,  and  besides  this  there  is  another  cause.  The  dotted 
curve  is  the  torque-speed  curve  of  an  induction  motor  whose 
stator  is  supplied  at  constant  potential  difference  and  frequency; 
whereas  the  chain-dotted  curve  is  the  curve  of  an  imagi- 
nary induction  motor  whose  stator  is  supplied  at  variable 
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potential  difference  and  variable  frequency,  the  potential 
difference  being  proportional  to  the  frequency.  Now  the 
introduction  of  resistance  into  the  field  windings  is    equiv- 
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alent  to  the  introduction  of  resistance  into  the  primary 
winding  of  the  imag:inary  motor  (since  the  primary  winding 
of  this  ima^nary  motor  is  represented  by  the  field  winding)  and 
is  thus  equivalent  to  a  reduction  of  the  potential  difference 
across  its  tenninals.  This  will  result  in  a  reduction  of  all  the 
ordinates  of  the  chain-dotted  curve.  While  therefore,  the  in- 
troduction of  resistance  into  the  field  circuit  results  in  a 
umple  shearing  of  the  dotted  curves  from  right  to  left  unac- 
companied by  any  change  in  the  values  of  the  ordinates.  the 
effect  on  the  chain-dotted  curve  is  a  two-fold  one,  namely 
a  shearing  from  left  to  right  accompanied  by  a  shrinkage  of 
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the  ordinates.    This  shrinkage  of  the  ordinates  will  further 
help  to  suppress  the  negative  portion  of  the  resultant  curve. 

It  will  be  noticed  that  in  the  curves  of  Fig.  6  which  refer  to 
the  open-circuit  and  short-circuit  conditions  of  the  field,  there 
are  no  discontinuities  in  the  speed  curves  (except  that  which 
occurs  at  the  instant  of  breaking  from  synchronism  in  the 
case  of  the  open-circuit  curve) ;  whereas  the  curves  of  Fig.  7 
show  two  well-marked  discontinuities  (one  on  each  of  the 
curves),  in  addition  to  the  discontinuities  at  break  from  syn- 
chronism. These  discontinuities  are  readily  accounted  for  by 
considering  the  shape  of  the  resultant  or  full-line  torque- 
speed  curve  of  Fig.  2d.  In  the  cases  to  which  Fig.  7  refers  the 
resultant  torque-speed  curve  lies,  as  already  explained,  wholly 
above  the  axis  of  speed,  all  its  ordinates  being  positive;  but 
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the  curve  has  two  maxima  separated  by  a  minimum.  It  is  the 
existence  of  this  minimum  which  causes  the  discontinuities  in 
the  speed  curves.  Stability  of  running  can  only  be  secured 
by  working  on  a  portion  of  the  torque-speed  curve  which 
has  a  downward  slope  from  left  to  right.  With  increasing 
potential  difference  and  speed  the  point  on  the  (varying)  torque- 
speed  curve  corresponding  to  the  stable  running  condition  for 
the  given  potential  difference  gets  displaced  further  and 
further  to  theright,jinti1  finally  it  reaches  the  minimum  point 
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on  the  curve.  An  increase  of  potential  difference  beyond  the 
value  corresponding  to  this  minimum  point  results  in  a  pas- 
sage into  the  unstable  region  which  lies  between  the  minimum 
and  the  second  maximum,  and  no  stable  running  is  possible  in 
this  region.  It  is  only  after  the  speed  has  passed  beyond  the 
second  maximum  of  the  torque-speed  curve  that  stability  can 
again  be  reached.  The  point  where  the  discontinuity  occurs 
along  the  ascending  branch  gives  approximately  the  speed 
corresponding  to  minimum  torque;  while  the  discontinuity  on 
the  descending  branch  marks  approximately  the  second  maxi- 
mum of  torque.  The  first  maximum  of  torque  would  corres- 
pond roughly  to  the  lowest  speed  at  which  the  machine  will 
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*  In  Fig.  8  are  shown  the  relations  connecting  speed  and  poten- 
tial difference,  and  field  current  and  potential  difference, 
with  the  field  on  dead  short  circuit.  Each  curve  is  shown  as 
having  three  branches.  Two  of  these  correspond  to  the  values 
obtained  by  first  increasing  the  speed  to  a  certain  value  and 
then .  decreasing  it.  The  third  branch,  marked  "Return  from 
synchronism"  was  obtained  by  first  open-circuiting  the  field 
and  raising  the  potential  difference  to  a  value  sufficient  to  enable 
the  machine  to  lock  into  synchronism,  then  short-circuiting  the 
field  and  taking  a  set  of  readings -while  the  potential  difference 


AMPERES 


Fig.  11 — Curves  Connecting    Speed  with   Stator  Current    under 

Various  Conditions 


was  being  decreased.  The  first  two  branches  of  the  speed 
curve  are  identical  with  those  shown  in  Fig.  6.  The  rela- 
tions connecting  current  and  power  factor  with  potential  dif- 
ference are  given  by  Fig.  9, 

Returning  to  Fig.  6,  it  will  be  seen  that  the  machine  starts 
with  a  lower  potential  difference  when  the  field  is  short- 
circuited  than  when  it  is  on  open  circuit;  and  this  might  at 
first  sight  appear  to  contradict  the  statement  previously 
made  regarding  the  advantage  of  starting  with  the  field  circuit 
open.  Such,  however,  is  not  the  case;  for  the  real  basis  of 
comparison  is  not  the  potential  difference  applied  to  the 
stator,   but  the  current  taken  by  it.    The  relation  connecting 
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speed  with  current  for  the  various  arrangements  tried  is  shown 
in  Fig.  10,  and  it  will  be  seen  at  once  that  the  machine 
starts  up  with  a  considerably  lower  current  when  the  field  is 
open-circuited.  If  the  field  is  closed  through  a  resistance, 
there  will  be  a  certain  value  of  this  resistance  which  gives  the 
best  initial  results,  but  even  with  this  value  the  current  dur- 
ing the  intermediate  stages  rises  to  a  higher  value  than  when 
the  field  is  open-circuited.  On  the  other  hand,  it  will  be  no- 
ticed that  with  the  field  closed  through  a  resistance  high  enough 
to  allow  of  the  machine  being  pulled  into  synchronism,  a  higher 
value  of  speed  is  reached  with  a  given  current  than  with 
the  field  on  open  circuit. 

As  the  machine  experimented  on  was  provided  with  inter- 
poles,  it  was  thought  desirable  to  try  tlie  effect  of  short-circuit- 
ing the  interpole  winding.  In  Fig.  11  are  given  four  curves, 
two  of  which  are  for  the  sake  of  comparison  reproduced  from 
Fig.  10.  It  will  be  seen  that  the  worst  results  are  obtained 
with  both  main  and  inter-pole  fields  short-cu*cuited,  and 
that  the  short-circuiting  of  the  interpole  windings  alone 
does  not  produce  any  very  marked  effect,  and  is  not  suf- 
ficient to  prevent  the  machine  from  running  up  to  syn- 
chronism. 

Summary  of  Conclusions  Reached 

1.  During  the  initial  stages  of  the  starting  period  the 
field  should  be  kept  open.  If  the  induced  voltage  exceeds  the 
limit  of  safety,  a  field  break-up  switch  should  be  provided. 

Closing  the  field  circuit  not  only  largely  increases  the  cur- 
rent during  the  initial  stages  of  the  starting  period,  but  may 
entirely  prevent  the  machine  from  running  up  to  synchronous 
speed.  This  is  due  to  the  single-magnetic-axis  effect  of 
the  field  winding. 

2.  If  the  field  is  kept  closed  and  the  machine  only  reaches 
a  speed  in  the  neighborhood  of  half-synchronism,  there  is  no 
tendency  to  lock  into  exact  half -synchronism. 

3.  There  is  a  distinct  advantage  in  short-circuiting  the  field 
after  the  field  has  reached  a  value  not  differing  greatly  from 
synchronism.  This  will  greatly  facilitate  the  final  locking  into 
synchronism. 
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APPENDIX 

Analytical  Theory  op  Polyphase  Induction  Motor 
Having  Single-Phase  Winding  on  the  Rotor 

The  type  of  motor  under  consideration  is  one  whose  stator 
is  provided  with  a  poljrphase  winding,  but  whose  rotor  carries 
only  a  single-phase  or  single-magnetic-axis  winding.  We  may 
speak  of  the  stator  winding  as  the  primary  and  of  the  rotor 
winding  as  the  secondary  winding  of  the  machine.  We  may 
further  suppose  that  the  rotor  carries  a  supplementary  single- 
phase  winding  whose  magnetic  axes  are  coincident  with  those 
of  the  secondary  winding  and  which  we  may  conveniently 
speak  of  as  the  tertiary  winding.  The  secondary  winding  may 
be  taken  to  correspond  to  the  solid  masses  of  the  field  poles  of 
a  synchronous  machine  in  which  eddy  currents  are  induced  by 
the  rotating  field;  while  the  tertiary  winding  may  be  taken  to 
represent  the  field  winding  of  the  synchronous  machine. 

Owing  to  the  extreme  complexity  of  the  problem,  it  becomes 
necessary  to  make  the  following  simplifying  assumptions: — 

(1)  We  shall  suppose  that  the  stator  winding  of  the  machine 
is  so  arranged  that  each  phase  when  traversed  by  a  current 
gives  rise  to  a  simple  sine  distribution  of  magnetic  flux  in  space. 

(2)  We  shall  neglect  the  effect  of  variations  in  the  perme- 
ability. 

(3)  The  time-variations  of  certain  of  the  quantities  concerned 
will  be  supposed  to  follow  the  sine  law. 

It  is  obvious  that  during  the  rotation  of  the  machine  the 
mutual  inductance  of  the  secondary  with  any  one  phase  of  the 
primary  winding  will  undergo  periodic  fluctuations,  and  from 
supposition  (1)  it  follows — as  can  be  easily  shown — that  such 
fluctuations  will  obey  the  sine  law  if  the  speed  of  rotation  is 
constant.  Let  Mo  denote  the  maximum  value  of  the  mutual 
inductance  of  the  secondary  and  a  certain  phase  of  the  primary 
winding.  Then  if  rria,  rrib  and  Wc  denote  the  instantaneous 
mutual  inductances  of  the  three  phases  with  the  secondary  at 
time  t  we  may  write,  since  the  space  displacement  of  the  three 
oscillating  magnetic  flux  waves  due  to  the  armature  current  is 
120  electrical  degrees, 

ma  =  Mo[{l  -  S)  wt  +  ot] 


mb  =  Mo  sin 


{I-  S)wt  +  a  +  ^ 
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We  =  Mo  sin     {1—  S)wt  +  a  •\ — o— 

where  w  =  2  ir  X  frequency  of  armature  current,  and  8  =  slip 

-     .      _  /  synchronous  speed  —  rotor  speed  \ 
*"  \  synchronous  speed  /  ' 

Let  the  currents  in  the  three  primary  phases  be  represented 
by 

ic  =   Im  ^valwt  +  -^  \ 

If  we  provisionally  assimie  that  both  the  secondary  and 
tertiary  circuits  are  open,  so  that  they  are  incapable  of  reacting 
on  the  primary  circuits,  then  in  order  to  maintain  the  currents 
ta,  n  and  ic  in  the  three  phases  of  the  primary  we  must  provide 
impressed  e.  m.  f's.  which  are  given  by 
6o  =  Zi  /«  sin  {w  t  +  di) 

C6  =  Ziln^sinlwi  +  —^  +  qA 

Be  =  Ziln,sin(wt  +  —^  +  6ij 

In  the  above  expressions,  Zi  denotes  the  equivalent  imped- 
ance of  each  phase  when  the  three  windings  are  supplied  with 
currents  differing  120  deg.  in  phase.  If  ri  =  resistance  of  each 
phase,  and  Li  =  true  self-inductance  of  each  phase  (i.  e.,  flux 
linkage  with  phase  when  unit  current  is  flowing  through  it  and 
when  remaining  two  phases  are  devoid  of  current),  then 

Zi  =  Vri'  +  (3/2  w  UY 

The  fact  that  the  equivalent  reactance  of  a  phase  is  3/2  times 
its  true  reactance  is  due  to  mutual  inductance  between  phases, 
and  is  a  consequence  of  the  assimiption  that  the  flux  distribution 
in  space  due  to  any  one  phase  follows  the  sine  law. 

The  angle  Oi  in  the  above  expressions  is  such  that  tan  Oi 

_   3/2  w  Li 
The  total  instantaneous  flux  linked  with  the  secondary  due 
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to  the  primary  currents  ia,  n  and  ie  is 

^  =  Wo  io  +  Wfc  n  +  Wc  ie  =  3/2  Mo  In,  cos  (5  M7  ^  —  a) 
This  flux  gives  rise  to  an  e.  m.  f .  in  the  secondary  of  amount 

d^t         3 


6l   =  rr- 


dt 


-n-  Sw MoIm^it^iSwi"  a) 


We  shall  now  assume  that  the  secondary  is  closed,  and  that 
the  e.  m.  f .  e^  is  allowed  to  produce  a  current  in  it. 

Let  u,  Li  be  the  resistance  and  self-inductance  respectively 
of  the  secondary.    Its  impedance  is  then 

Z2  =  Vr2^  +  {8w  Uy 
and  the  e.  m.  f .  62  gives  rise  to  a  secondary  current 

3 

it  =  o —  8  to  ilf  0  /m  sin  (8  tc;  ^  —  a  —  fla) 

where  tan  0%  -  ^ 

For  the  sake  of  simplicity,  we  shall  put 

3/2  swMo 


ICi  = 


22 

so  that  we  may  write 

i/2  =  k/2  7m  sin  (8  w?  <  —  a  —  62) 
The  secondary  current  reacts  on  the  inducing  primary  cir- 
cuits, and  gives  rise  to  magnetic  fluxes  linked  with  them.  The 
flux  linkage  with  the  first  phase,  whose  instantaneous  mutual 
inductance  with  the  secondary  is  mo,  is  given  by  Wo  it,  and  the 
e.  m.  f.  to  which  this  flux  gives  rise  is 

— ST  ^^^  ^*^  ~ 

—  -jj  {Mo  sin  [  (1  —  s)wt  +  a]k2lmsiii(8wt—  a—  dt)  }   = 

(1/2  -  8)wMoktIn.  sin  [  (1  -  2  8)  w;  <  +  2  a  +  dt] 

—  1/2  w  Mo  kt  Im  sin  {w  t  —  dt) 
Similar  expressions  (with  suitable  changes  of  time-phase) 
hold  good  for  the  remaining  two  phases. 

It  will  be  noticed  that  each  of  these  e.  m.  fs.  consists  of  two 
components  of  different  frequency.  If  we  wished  to  maintain 
the  original  currents  ia,  it  and  ic  unaltered,  then  in  addition  to 
the  original  impressed  e.  m.  fs.,  Ca,  eb  and  Co  we  should  have  to 
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provide  e.  m.  fs.,  equal  and  opposite  in  phase  to  those  induced 
in  the  primaries  by  the  secondary  current  t2.  Now  since  these 
latter  e.  m.  fs.  consist  of  two  components,  one  [such  as 

—  1/2  w  Mq  ki  I^  sin  {w  t  —  d^) 

in  the  first  phase  of  the  primary  of  fundamental  frequency],  and 
the  other  [such  as  (1/2  —  s)  w  Mo ki Im sin[  (I—  2  8)  wt 
+  2  a+ ^2]  in  the  first  phase]  of  a/requency  which  is  a  function 
of  the  slip,  the  source  of  impressed  e.  m.  f.  would  have  to  be 
capable  of  a  continuous  variation  of  wave-shape  in  order  that 
the  currents  io,  n  and  ie  might  remain  unaltered.  It  is  needless 
to  point  out  that  such  special  continuous  variation  of  wave- 
shape could  not  be  secured  in  practise.  We  shall  therefore 
make  an  assumption  which  is  much  more  likely  to  conform  to 
actual  conditions.  We  shall  suppose  that  the  source  of  im- 
pressed e.  m.  f.  continues  to  supply  a  pu;*e  sine  wave,  but  that 
the  excitation  of  this  source  is  varied  so  that  it  not  only  pro- 
vides the  original  e.  m.  fs.  Ca,  Cb  and  ee  but,  in  addition,  any 
other  sine-wave  components  of  fundamental  frequency  which 
may  be  necessary  to  balance  fundamental  frequency  e.  m.  fs 
[such  as  the  e.  m.  f .  —  1/2  w  Mo  ^2  Im  sin  {w  t  —  ^2)  in  the  first 
phase]  induced  in  the  primaries  by  the  secondary.  The  re- 
maining components  in  the  induced  e.  m.  fs.  whose  frequency 
differs  from  the  fundamental,  and  which  are  not  balanced  by 
corresponding  components  in  the  impressed  e.  m.  f.  waves, 
give  rise  to  additional  primary  currents  whose  magnitude  we 
proceed  to  determine. 

For  the  sake  of  simplicity,  we  shall  assume  the  impedance 
of  the  source  of  impressed  e.  m.  f .  to  be  negligible  in  comparison 
with  the  impedance  of  the  primaries  of  the  machine  under 
consideration,  so  that  the  total  impedance  of  the  circuits  on 
which  the  induced  e.  m.  fs.  of  frequency  other  than  the  funda- 
mental act  will  be  represented  by  the  impedance  of  the  pri- 
maries. The  equivalent  reactance  of  each  phase  of  the  pri- 
mary corresponding  to  e.  m.  fs.  such  as  (1/2  —  s)wMo  k^  Im 
sm[{l-  2s)  wt  +  2  a  +  62]  in  the  first  phase,  is  3/2  (1-2  8) 

w  Li. 

Hence  the  corresponding  current  in  the  first  phase  is  given  by 

(1/2  -  s)wMo  k2  Im 

la       = 


Vri^  +  [3/2  (1  -  2  s)  w;  LiY 

sin  [  (1  -  2  8)  w  <  +  2  a  +  02  -  O9] 
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If  for  the  sake  of  simplicity  we  put 

^   ^    (1/2  -8)wMo 

then 

ij  =  fci  fca  /m  sin  [  (1  -  2  8)  w  <  +  2  a  +  02  -  fl,] 
Similar  expressions  hold  good,  with  suitable  changes  of  time- 
phase,  for  the  corresponding  currents  in  the  remaining  two 
phases. 

Before  proceeding  further,  it  will  be  convenient  to  collect  all 
the  results  so  far  obtained. 

In  the  first  phase  of  the  primary,  we  have  the  following  com- 
ponents of  impressed  e.  m.  f . : — 

e«  =  Zi  /m  sin  {w  t  +  0i)  (1) 

and  6o'  =  1/2  w  Mo  h  I^  sin  (t(7  <  -  fla)  (2) 

where 

z^  =  Vri^  +  (3/2  w  Uy  (3) 

(4) 


k,  =   ^/^  '  "'  ^»  (5) 


Zi  =  Vr**  +  (8  w  Li)*  (6) 

tan(>.  =  -i^  (7) 

Next,  in  the  first  phase  of  the  primary  we  have  the  current 

components 

to  =  Im  sin  w  t  (8) 

and  to'  =  ti  ti  7«  sin  [  (1  -  2  8)  w;  <  +  2  a  +  02  -  fi»l 

(9) 
where 

*.  =    (^/^  -  ^)  "^  ^'  (10) 

2$ 


2,  =  vn'  +  [3/2  (1  -  2  s)  to  L,]«  (11) 


tan  <>.  =  3Z2aii2i)i£l. 


(12) 

Again,  considering  the  secondaiy,  we  have  in  the  induced 
e.  xa.  t. 

et  =  3/2  s  w  JIf  0  /»  sin  (stot—  a)  (13) 
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which  gives  rise  to  the  secondary  current 

12  =  k2  Im sin  (swt—  a  —  ^2)  (14) 

We  may  now  proceed  with  our  investigation. 

In  addition  to  the  e.  m.  f .  ea  in  the  secondary,  which  is  due  to 
the  original  currents  ia,  n  and  ie  in  the  primaries,  and  which 
produces  the  current  is,  we  now  have  another  e./m.  f.,  due  to 
currents  of  the  type  io',  in  the  primaries.  This  second  e.  m.  f., 
as  in  the  case  of  ^2,  may  be  shown  to  be 

62'  =  3/2 8W Moki kt I^siii  (swt—  a  —  ^2  +  0»)         (15) 

If  we  were  to  provide  an  e.  m.  f.  in  the  secondary  equal  and 
opposite  to  62'  this  latter  e.  m.  f.  would  be  neutralized,  and  the 
only  currents  in  the  primaries  and  the  secondary  would  be 
those  already  considered  and  giVen  by  (8),  (9)  and  (14). 

Since,  however,  no  such  neutralization  actually  takes  place, 
the  e.  m.  f.  62'  is  free  to  act,  and  gives  rise  to  a  current  in  the 
secondary. 

^2'  =  ki  ki^  In,  sin  (8w  1-2  62  +  Oz)  (16) 

This  current,  in  turn,  reacts  on  the  primary,  and,  proceeding 
as  before,  we  can  show  that  it  induces  in  the  first  phase  of  the 
primary  an  e.  m.  f.  given  by 

(1/2 -  s)  w Mokiki^ I„,sin[  {1  -  2 8)  w t  +  2  a  +  2  62-  fls] 
-  1/2  w  Mo  ki  ki^  I„,  sin  {w  1-262  +  ds) 

This  e.  m.  f.  is  seen  to  consist  of  two  terms  of  different  fre- 
quency. We  shall  assume,  as  before,  that  the  term  of  funda- 
mental frequency  is  balanced  by  an  equal  and  opposite  com- 
ponent 

e„"  =  1/2  w  Af  0  ki  k2^  In,  sin  {101-262  +  dz)  (17) 

in  the  impressed  e.  m.  f.  wave  of  the  primary,  while  the  other 
term,  being  unbalanced,  gives  rise  to  a  current  in  the  first  phase 
of  the  primary 

i«"  =  k^nz^  In^sin  [  (1  -  2  8)  w  t  +  2  a  +  2  62-  2  dz]]    (18) 

Again,  the  current  i/',  like  ii  and  ii\  induces  an  e.  m.  f.  in 
the  secondary,  given  by 
62"  =  3/2  8W  Af  0  ki"  k2^  /«  sin  (s  w « -  a  -  2  02  +  2  0,)      (19) 

The  e.  m.  f.  62"  gives  rise  to  a  secondary  current 

^2"  =  ki^  ki^  I„,sin{8Wt-  a-  362  +  2  6z)  (20) 

The  ciurent  in  its  turn,  reacts  on  the  primary,  inducing  in  the 
first  phase  an  e.  m.  f. 

(1/2 -s)M;AfoA:i2A;2'/«sin[(l-2s)w;^  +  2a  +  302  -  2  6z] 

-  1/2  w  Mo  ki'  ki'  In.  sin  (w;  ^  -  3  02  +  2  0z), 
the  fundamental  frequency  component  of  which  we  shall 
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assume,  as  before,  to  be  balanced  by  a  component  in  the  im- 
pressed e.  m.  f .  equal  to 

ej"  =  1/2  w  Mo  fti»  ft2»  /m  sin  (w;  <  -  3  ^2  +  3  6,)  (21) 

while  the  other  component  is  left  free  to  produce  in  the  first 
phase  of  the  primary  a  current 

ia'''  =  fti*ft2»/«sin[(l- 2s)t(;<  +  2a  +  3»2-  3  »,]      (22) 

Proceeding  in  this  way,  we  ultimately  obtain,  for  each  of  the 
quantities  under  consideration — ^primary  impressed  e.  m.  f., 
primary  current,  secondary  induced  e.  m.  f .,  and  secondary 
current — ^an  infinite  series  of  terms. 

For  the  sake  of  simplicity,  we  shall  put 

ft  =  Ai  ft/2  (23) 

and  e  =  62-  dt  (24) 

Considering  first  the  primary  impressed  e.  m.  f .  the  first  phase 
we  see  from  (1),  (2),  (17)  and  (21),  that  this  is  given  by 

Zi  I^  sin  {w  1—61)+  1/2  w  Mo  ft2  /«  sin  (w  <  —  0i)  +  ft  sin 

{wt-  dt-  6)  +k^ sin  (wt-  62- 2  6)  +  kz sin 

{wt-  02-  ^0)  +] 

(25) 

Similar  expressions,  with  suitable  time-phase  differences, 
hold  good  for  the  impressed  e.  m.  fs.,  in  the  other  two  phases. 

Taking  next  the  primary  current  in  the  first  phase,  and  using 
(3)»  (9)>  (18)  and  (22),  we  find  that  this  current  is  given  by  the 
infinite  series. 

Imsinwt  +  k  I„,  (sin  [{1—  2  s)  wt  +  2  a  +  0]  +  k  sin 

[(X-  2s)wt  +  2a  +  2e] 

+  k^  &in[  {1  -  2  8)  w  t  +  2  a  +  S  6]  +  ] 

(26) 

Similarly,  using  (13),  (15)  and  (19),  we  find  for  the  secondary 
induced  e.  m.  f. 

3/2 s  w Mo  Im  [sin  (sw  t—  a)  +  k  sin  (swt—  a—  6) 

+  ksin{swt-  a-2e)  +]  (27) 

Lastly,  using  (14),  (16)  and  (20),  we  obtain  the  secondary 
current. 

ft2 Im  [sin  (swt—  a—  62)  +  k sin  (swt—  a  —  62—  9) 

+  k2sin{swt-  a-  62-26)  +]  (28) 

Each  of  the  four  expressions  (25),  (26),  (27)  and  (28)  involves 
an  infinite  series  of  the  type. 
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X  ^  bSjkp  +  kmn{(p  ±  6)  +  k*&xi{<p  ±2  6) 

This  series  may  be  summed  as  follows: 
Putting  sin  ^  =  -s-s-  (e>v»  —  eJ^) 

and  sin  {<p  ±nd)  =  -x-^  [ei^  {(p  +  nd)-  erJ  {<p  ±nd)] 
where  j^  =  —  1,  we  may  write 

[1  +  ke'^^'  +  ifc«c-2i*  +]  } 

_  _J_  /  e^'^ g-^^       \ 

"    2j  \  1-  ke^^'  1-  ke^^')^ 

which,  after  a  number  of  transformations,  may  be  reduced  to 
the  simple  form 

-       sin  y  —  k  sin  {ip  qp  B) 
(1  -  ft  cos  »)«  +  (ifc  sin  BY 

If  we  put 

a  =  V(l  -  ft  cos  BY  +  (A;  sin  By  (29) 

and  tan  j8  =  -= r 5-  (30) 

^        1  —  ft  cos  5  ^     ^ 

then,  after  a  further  transformation,  we  may  write 

2  =  l/asin(^=b  jS)  (31) 

Primary  P.  D.    Applying  this  result  to  (25),  we  find  for  the 
primary  impressed  e.  m.  f .  in  the  first  phase. 

z,I^sin{wt+BO  +     V2t^Moft.J^    sin(^;<-  B,-  0) 

Of 

This  may  be  thrown  into  the  form 

E  sin  {wt  +  ip)  (32) 

where 

+  r3/2«;L.   ^/^ "^g^" ^*  sin  (g,  +  ff)  T  r'  (33) 
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and 

3/2 wL,^    1/2 w^M ok,  ^.^  ^^^  ^  ^^ 

*^  *  =  .     l/2wMok, —-I (34) 

ri  H ^  cos  (^2  +  P) 

Primary  Current.    Similarly,  using  (31)  in  (26),  we  obtain 
for  the  primary  current  in  the  first  phase 
In,{smwt  +  k/asin[{l-2s)wt  +  2a  +  e  +  jS]  )      (35) 

It  will  be  noticed  that,  with  a  pure  sine  wave  of  impressed 
e.  m.  f.,  the  primary  current  wave  is  a  distorted  one. 

Secondary  Current.  Proceeding  in  a  similar  manner  with  (27) 
and  (28),  we  obtain  the  following  expressions  for  the  secondary 
induced  e.  m.  f.  and  secondary  current: — 

Secondary  induced  e.  m.  f . 

J    3/2  s  w  Mo    •    /       a  .  ox  /^^N 

=  Im  — — '  sm(swt  +  a-  jS)  (36) 

Secondary  current 

=  /n.  kt/a  sin  (8  wt—  a  —  dt—  jS)  (37) 

Both  the  above  waves  are  pure  sine  waves. 

Tertiary  E.  M.  F.  We  next  proceed  to  determine  the  e.  m.  f . 
induced  in  the  open  tertiary  circuit.  This  e.  m.  f .  is  the  result- 
ant of  the  two  e.  m.  fs.  induced,  by  the  primary  and  secondary 
currents.  Let  mj,  w^'  and  mc  denote  the  instantaneous 
mutual  inductances  between  the  tertiary  and  the  three  phases 
of  the  primary.    Then  we  may  write 

mj  =  M 1  sin  [  (1  —  s)  w;  i  +  a] 


nib 


'  =  Ml  sin     (I-  8)wt  +  a+  ^ 


dnld- 


m/  =  Ml  sin  I   (1—  s)  w  t  +  a  + 


The  total  instantaneous  flux  linkage  with  the  tertiary  due  to 
the  joint  action  of  the  currents  in  the  three  phases  of  the 
primary  is 
Ml  Im  sin[{l—  8)  wt  +  a]  {sin  w  t  +  k/a  sin  [  (1  —  2  «)  ti?  t 

+  2a+  j8]  }  +Mi/«sm       {l--8)wt  +  a  +  ^ 


1748  HA  Y  AND  MOWDA  WALLA :  STARTING  CONDITIONS  (Jan.  2 


sin  I  «;  t  4 — s—  )  +  k/a  sin 


0.-2s)wt+  ~ 


+  2a+  /3 


""   <'- 


+  Ml  /«  sin  I    (1—  8)  wt  +  a  + 


I   sinlwt-] — ^  j  +  k/a  sin     (1  —  2  s)  w;  <  + 

+  2a+  /3 

This,  after  simple  transformations,  is  reducible  to  the  form 

3/2  Ml  Im  cos  (s  w;  <  -  a) 

+  3/2  A/a  Ml  7m  cos  (s  w; « -  a  -  i3)i 

and  the  tertiary  e.  m.  f .  due  to  this  flux  is 
3/2 swMiI^ sin  (swi—  a) 

+  3/2  swMiIm  k/a  sin  (s  w;  <  -  a  -  )3) 

Next,  if  we  denote  by  M2  the  mutual  inductance  between  the 
tertiary  and  the  secondary,  the  flux  linkage  with  the  tertiary 
due  to  the  current  in  the  secondary  is 

M2  Im  k%/a  sin  (s  k;  <  —  a  —  ^2  —  j8) 
and  the  tertiary  e.  m.  f .  due  to  it  is 

—  s w; M2 Im k^/a cos  {swt—  a  —  6%—  )3) 
Thus  the  total  tertiary  e.  m.  f .  is  given  by 

swim  {3/2  Ml  sin  {swt—  a) 

+  3/2  Ml  k/a ^\xi{8wi—  a—  jS)  —  M2 kt/a 

cos  (swi—  a—  62—  ^)  ] 
This  may  be  exhibited  in  the  form 

'  Bz  =  Ezsmiswi-  a-  j)  (38) 

where 

Ez  =  Imsw  {  [3/2  Ml  (1  +  k/a  cos  jS)  -  M2  ki/a 
sin  {62+  0)  Y  +  [3/2  Ml  k/a  sin  /S  +  M2  ka/a 

cos  {62+  P)Y}''  (39) 

and 

.^„  .  ^   l/g  [3/2  k  Ml  sin  /3  +  k2  M2  cos  (^2  +  jS)  ]  ..^. 

^  -^       3/2  Ml  (1  +  k/a  cos  jS)  -  M2  k2/a  sin  (^2  +  /3)     ^  ^ 

Primary  Power.  We  shall  next  consider  the  power  impressed 
on  the  primary.  Since  the  variable  frequency  component  in 
the  primary  current  wave  (35)  is  incapable  of  contributing  to 
the  power,  the  only  effective  component  is  that  of  fundamental 
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frequency,  and  this  yields  an  amount  of  power  in  the  first  phase 
given  by 

1/2  E  In,  cos  <p 
so  that  the  total  primary  power  in  all  three  phases  is 

3/2  E  In.  cos  ip  (41) 

Power  Factor.    The  r.  m.  s.  value  of  the  primary  current  (35) 
being 


^  V  1  +  ik/ay 


V2 
the  volt-amperes  per  phase  are  given  by 


1/2  E  7«  VI  +  Qc/ay 
so  that  the  power  factor  of  the  primary  is 


"^^  ^  (42) 


VI  +  {k/ay 

Mechanical  Power.  We  shall  now  consider  the  total  mechani- 
cal power  transmitted  to  the  rotor  of  the  machine.  If  the  losses 
due  to  hysteresis  and  eddy-currents  are  neglected,  the  mechani- 
cal power  is  easily  obtained  by  subtracting  the  primary  and 
secondary  copper  losses  from  the  total  primary  power.  A 
consideration  of  the  mechanical  power  is,  it  is  needless  to  point 
out,  of  very  great  interest  in  connection  with  the  self-starting 
qualities  of  the  machine.  \ 

Torque.  The  value  of  the  torque  exerted  by  the  rotor  is 
easily  determined  from  the  mechanical  power  by  dividing  the 
latter  by  the  angular  velocity. 

Up  to  the  present,  we  have  supposed  the  tertiary  to  be  on 
open  circuit.  If  now  we  imagine  it  to  be  closed,  tertiary  cur- 
rents will  appear  which  will  react  on  both  primaries  and  second- 
ary. The  same  general  principle  as  that  already  used  might  be 
employed  for  investigating  the  reactions  of  the  various  circuits 
on  each  other.  But  if  we  are  concerned  only  with  the  general 
nature  of  the  results  obtained,  it  is  simpler  to  suppose  the 
secondary  and  tertiary  circuits  replaced  by  a  single  equivalent 
secondary.  Thus  the  general  law  of  variation  of  the  tertiary 
current  will  be  the  same  as  that  of  the  secondary,  which  we 
have  already  investigated. 

The  method  used  in  the  above  investigation  is,  it  will  be 
observed  identical  in  principle  with  Lord  Kelvin's  method  of 
electrical  images  as  applied  to  problems  in  electrostatics.  It 
may  possibly  be  found  to  be  of  great  use  in  connection  with 
certain  types  of  alternating-current  problems. 


i 


1750  HAY  AND  MOWDAWALLA-.STARTINQCONDITIONS  [J«i.2 

We  shall  apply  the  above  theory  to  the  study  of  a  particular 
case  which  corresponds  approximately  to  a  certain  synchronous 
machine  tor  which  experimental  results  are  available.    The 


Pia.    12 COHVBS  CONMBCTINQ  PsIUART  P.  D,,  pRtUART  POWBR,  SBCOND- 

ART  CrRRBNT,  Tbrtiaby  e.  u.  f.  and  Torque  With  Sfbed  Whbn  the 
Prihart  Cubrbnt  is  Maintainbd  at  a  Constant  Vai-tjb 

following  numerical  values  (at  a  frequency  of  12.5)  have  been 
assumed  for  the  various  constants: — 
r,  -  0.006  r,  =  0,004  «)M(,=  .043  witf,  =  4.2 
wZ-i  =  0.0513  «)L,  =  0.046  7^  =  48.3  wilfi  =  2.3 
By  the  aid  of  the  formulas  established  above,  valu^  of  the 
primary  p.  d,,  primary  current,  secondary  current,  tertiary 
e.  m.  f.,  primary  power,  mechanical  power,  torque,  power 
factor  and  phase  angle  were  calculated  for  various  values  of  i 
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and  a  constant  value  of  48.3  for  /..  Since  all  the  variables 
involving  /„  are  directly  proportional  to  it,  we  can  immedi- 
ately find  their  values  for  any  other  value  of  /«.  Accordingly, 
we  can  find  the  values  corresponding  to  those  values  of  7„  for 
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Fio.  13— Curves   Connectiso  Primary  Cl'HREnt,  Primary  Power, 

Seconoary   CoRREm,    Tertia.y    e.    ».    T.  A»D  ToRQOE  WiTii  Seeed 

When  the  Primary  P.  D.  is  Maintained  Constant 


various  values  of  which  yield  a  constant  value  for  the  pnmary 
current.  This  will  give  us  the  variations  of  the  quantities 
with  «  when  the  primary  mrrmi  is  maintained  constant.  The 
values  so  calculated  are  given  in  Table  I,  and  some  of  them  are 


1752  HA  Y  AND  MOWDAWALLA:  STABTINO  CONDITIONS  {Jan.  2 


TEST  ON  SVNCHH0N0U8 

^ 

/ 

M 

11  1 

»pfl 

Upow 

/ 

, 

/ 

/■ 

V 

"'f 

/ 

N 

■^ 

v^ 

/ 

\ 

4, 

tFW 

f 

— 

* 

\ 

/ 

^ 

EM 

^ 

/ 

\ 

' 

1 

>v 

..__- 

_- 

Fia.  14 — Statob  P.  D.,  Btator  Powbb  and  Rotor  b.  m,  r.  CuRvsa 

COBREBPONDIMQ  TO  A  COMBTANT  StATOR  CurBENT  OF  48.3  AhPBRES  AT 

A  FBEquEMCY  OP  12.5 


320     08 

' 

jf- 

,^ 

r~i 

W 

»|„ 

/ 

.^ 

\ 

— 

N 

^ 

^ 

J 

" 

■ToUl 

Pa».«wlH<uS 

<!« 

/ 

« 

' 

I 

» 

zc 

n 

3C 

M 

Pio.  15 — Stator  p.  D.,  Stator  Power  and  Rotor  Current  Citbvbb 

CoRRESPONDiNO  TO  A  CoNBTANT  Statob  Ccrrent  OP  48.3  Amperes  at 

A  Fbeqcxmct  op  12.fi 


19191  HAY  AND  MOWDAWALLA:  STABTING  CONDITIONS  1753 

plotted  in  Fig.  12.  Similarly,  we  may  obtain  the  values  of  the 
variables  for  different  values  of  a  when  the  values  of  /„  are  so 
chosen  as  to  yield  a  constant  value  of  the  primary  p.  d.  We 
thus  obtain  the  results  given  in  Table  II,  which  corresponds  to 
a  coTutant  primary  line  P.  D.  of  volts,  and  from  which  the 
curves  of  Fig.  13  have  been  plotted. 

The  theoretical  curves  of  Figs.  12  and  13  may  be  compared 
with  the  experimental  curves  shown  in  Figs.  14,  15  and  16.  It 
will  be  noticed  that  the  general  shapes  of  the  curves  correspond 
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Fio.  16 — Statob  CnBKKNT,  Stator  Power  amd  Rotor  b.  u.  r.  Cubvbs 

CORREBPONDINQ     TO     A     CONSTANT    VaLOB     OF     THE    StATOR  P.  D.    =    15 

VOI-TB  AT  A  FREaUENCT  OF  25 

in  the  two  cases,  and  that  the  peculiarities  of  shape  are  satis- 
factorily accounted  for  by  theory.  The  experimental  curves, 
however,  do  not  exhibit  such  very  pronounced  peaks  and 
valleys  as  do  the  theoretical  ones.  In  this  connection  it  must 
be  remembered  that  the  theoretical  curves  are  based  on  a 
mmiber  of  assumptions  which  are  not  quite  realized  in  practise. 
Among  others,  the  assumption  has  been  made  that  the  primary 
p.  d.  retains  its  pure  sine  wave  form,  and  remains  unaffected  by 
the  variable  frequency  component  of  the  primary  current.  In 
actual  experiments,  the  generator  was  a  machine  of  smaller 
output  than  the  synchronous  motor,  and  its  e.  m.  f.  would 
certainly  suffer  distortion. 
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TABLE  I. 
0.004;   wLi  - 


n  -0.006;    w  Li  =0.0513;   rt  =0.004;   wU  -0.043;    w  Mq 

w  Mt  —  2.3;    frequency  —  12.5. 

Primary  Current  Maintained  Constant  at  48.3  amperes. 


0.043;    wifi  -4.2; 


Torque, 

Speed 

Primary 

Secondary 

Tertiary 

Power 

Power 

Phase 

Mechan- 

in 

7  p.  m. 

terminal 
P.  D. 

current. 

e.  m.  f. 

supplied 
0    to 

primary. 

factor. 

angle.* 

ical 
power 

107 
c.  g.  s. 
units. 

0 

2.34 

92.2 

125 

75.9 

0.388 

67'*26' 

0 

25 

2.42 

91.8 

113 

82.3 

0.405 

66»  5' 

6.6 

25.05 

50 

2.60 

91.0 

100 

92.5 

0.426 

64M7' 

17.4 

33.2 

75 

2.78 

89.2 

86.8 

103.7 

0.446 

63»3l' 

29.8 

37.9 

100 

3.29 

84.3 

70.6 

124 

0.451 

63M1' 

53.8 

51.4 

105 

3.47 

81.9 

65.7 

128 

0.441 

93«49' 

59.4 

54.0 

110 

3.70 

78.5 

60.2 

131 

0.422 

65*  3' 

64.1 

55.6 

115 

3.96 

73.7 

55.8 

127 

0.384 

67**24' 

63.6 

52.8 

120 

4.16 

68.3 

59.9 

108.5 

0.312 

71-49' 

47.8 

38.0 

122.5 

4.18 

66.7 

67.9 

95.9 

0.275 

74c  4/ 

36.1 

28.2 

125 

4.10 

66.7 

7.77 

77.6 

0.226  J 

76*55' 

17.8 

13.6 

127.5 

3.92 

68.8 

86.1 

59.7 

0.182 

79*30' 

-     1.2 

-  9.3 

1-30 

3.67 

72.3 

91.2 

45.7 

0.149 

81*26' 

-  17.2 

-12.6 

135 

3.13 

80.0 

93.4 

35.4 

0.135 

82*14' 

-  32.1 

-22.7 

140 

2.75 

85.2 

91.2 

41.1 

0.179 

79*42' 

-  29.9 

-20.4 

145 

2.56 

87.9 

88.1 

52.0 

0.243 

75*57' 

-  20.9 

-13.8 

150 

2.50 

89.8 

85.1 

63.4 

0.303 

72*22' 

-  10.4 

-  6.6 

162.5 

2.61 

89.8 

77.3 

88.1 

0.403 

66*14' 

13.8 

8.1 

175 

2.86 

88.7 

69.2 

110 

0.457 

62*98' 

36.1 

19.7 

187.5 

3.23 

86.4 

60.9 

l3l 

0.483 

61*  5' 

58.8 

29.9 

200 

3.71 

82.3 

52.4 

153 

0.492 

60*31 ' 

83.5 

39.0 

212.5 

4.36 

74.9 

43.1 

173 

0.474 

61*42' 

108.3 

48.7 

220 

4.85 

67.9 

38.7 

181 

0.455 

63»33' 

120.3 

52.2 

225 

5.21 

61.3 

31.9 

181 

0.515 

65*30' 

123.5 

52.4 

230 

5., "58 

53.0 

26.4 

174 

0.373 

68*  6' 

120.8 

50.1 

235 

6.93 

42.6 

20.3 

157 

0.317 

71*3r 

108.2 

44.0 

240 

6.23 

29.9 

13.5 

129 

0.248 

75*39' 

83.6 

33.3 

245 

6.42 

15.5 

6.5 

89.2 

0.166 

80*26' 

46.2 

18.0 

250 

6.46 

0 

0 

42.1 

0.078 

85*32' 

0 

0 

25.5 

6.33 

15.3 

5.5 

-     5.2 

-0.0098 

90*34' 

-  48.1 

-18.0 

260 

6.08 

29.2 

9.7 

-  45.6 

-0.0897 

95*  9' 

-  91.0 

-33.4 

265 

5.74 

41.2 

12.9 

-  75.6 

-0.157 

99*  3' 

-124.4 

-44.8 

270 

5.37 

51.0 

15.4 

-  94.7 

-0.211 

102*10' 

-147.1 

-52.0 

275 

5.00 

58.8 

17.7 

-105 

-0.251 

104*34' 

-161.0 

-55.9 

280 

4.66 

65.0 

19.8 

-109 

-0.281 

106*18' 

-168.2 

-57.4 

287.5 

4.20 

71.8 

22.9 

-108 

-0.308 

107*58' 

-171.0 

-66.8 

300 

3.62 

79.2 

28.3 

-  98.3 

-0.325 

108*57' 

-165.4 

-52.6 

325 

2.82 

86.1 

39.8 

-  71.3 

-0.303 

107*37' 

—242.9 

-42.0 

350 

2.55 

89.2 

51.5 

-   54.7 

-0.256 

104*50' 

-128.5 

-36.0 

400 

2.21 

91.4 

76.1 

-  30.9 

-0.167 

99*36' 

-106.4 

-25.4 

450 

2.09 

92.3 

100.5 

-   17.1 

-0.098 

95*38' 

-  93.2 

-19.8 

500 

2.03 

92.7 

124.8 

-     8.4 

-0.0496 

92*51' 

-  84.8 

-16.2 

♦Angle  of  lag  of  primary  current  behind  primary  p.  d. 
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TABLE  II. 

n  -0.006;   w  Li  -0.0513;   n  -0.004;    w  Lt  -0.046;    w  M.  -0.043;    w  \fi  -4.2; 

w  Ml  —  2.3;  frequency  —  12.5. 

Primary  P.  D.  Maintained  Constant  at  10  Volts. 


« 

Torque 

Speed, 

Primary 

Secondary 

Tertiary 

Power 

Power 

Phase 

Mechan- 

in 

2  p.  m. 

current 

current 

e.  m.  f. 

supplied 

to 
primary. 

factor. 

angle.* 

ical 
power. 

107 

C.  g.  8. 

units. 

0 

206 

394 

534 

1385 

0.388 

67*26' 

0 

25 

199 

378.5 

465 

1400 

0.405 

66*  5' 

•     112 

426 

50 

186 

350.5 

386 

1370 

0.426 

64*47' 

258 

493 

75 

174 

321 

312 

1340 

0.446 

63»3l' 

386 

492 

100 

147 

256 

214 

1146 

0.451 

63*11' 

496 

474 

105 

139 

236 

189 

1060 

0.441 

63*49' 

492 

448 

110 

130.4 

212 

163 

952 

0.422 

65*  3' 

467 

405 

115 

122 

186 

141 

812 

0.384 

67*24' 

405 

337 

120 

116 

164 

144 

625 

0.312 

71*49' 

276 

219 

1^.5 

115.6 

160 

163 

550 

0.275 

74*  4' 

207 

161 

125 

118 

163 

190 

462 

0.226 

76*55' 

106 

81 

127.5 

123 

176 

220 

389 

0.182 

79*30' 

-       8 

— 

130 

132 

197 

249 

340 

0.149 

81*26' 

-  128 

-  93.9 

135 

154 

255 

298 

361 

0.135 

82*14' 

-  327 

-231.5 

140 

176 

310 

332 

545 

0.179 

79*42' 

-  395 

-270 

145 

189 

343 

344 

793 

0.243 

75*57' 

-  319 

—210 

150 

193 

357 

340 

1013 

0.303 

72*22' 

-  166 

-106 

162.5 

185 

344 

296 

1290 

0.403 

66*14' 

203 

119 

175 

169 

310 

241 

1335 

0.457 

62*48' 

440 

240 

187.5 

150 

267.5 

189 

1250 

0.483 

61*  5' 

563 

287 

200 

130 

222 

141 

1110 

0.492 

60*31' 

608 

290 

212.5 

111 

172 

99 

910.5 

0.474 

61*42' 

571 

256 

220 

99.6 

140 

76 

769 

0.445 

63*33' 

512 

222 

225 

92.8 

118 

61 

666 

0.415 

65*30' 

456 

194 

230 

86.5 

95 

47.4 

559 

0.373 

68*  6' 

388 

161 

235 

81.4 

71.7 

34 

447 

0.317 

71*31' 

307 

125 

240 

77.5 

48.1 

21.7 

3  32 

0.248 

75*39' 

215 

85.6 

245 

75.2 

24.1 

10.2 

217 

0.166 

80*26' 

112 

43.8 

250 

74.8 

0 

0 

101 

0.078 

85*32' 

0 

0 

255 

76.3 

24.1 

8.7 

-   13 

-0.0098 

90*34' 

-   120 

-  45 

260 

79.4 

48 

16 

-123 

-0.0897 

95*  9' 

-  246 

-  90.4 

265 

84.1 

71.7 

22.5 

-229 

-0.157 

99*   3' 

-  377 

-136 

270 

89.9 

96.9 

28.7 

-328 

-0.211 

102*10' 

-  509 

-180 

275 

96.5 

118 

35.3 

-420 

-0.251 

104*34' 

-  644 

-223 

280 

104 

135.5 

42.4 

-504 

-0.281 

106*18' 

-  775 

-264 

287.5 

115 

171 

54.5 

-614 

-0.308 

107*58' 

-  969 

-322 

300 

133.5 

2lb 

78.2 

-750 

-0.325 

108*57' 

-1260 

-402 

325 

171 

306 

141 

-898 

-0.303 

107*37' 

-1800 

-529 

350 

189 

349 

202 

-838 

-0.256 

104*50' 

-1970 

-537 

400 

218 

413 

344 

-630 

-0.167 

99*36' 

-2170 

-518 

450 

2:n 

442 

481 

-393 

-0.098 

95*38' 

-2140 

-454 

500 

2.38 

4.56 

614 

-204 

-0.050 

92*51' 

-2055 

-392 

•Angle  of  lag  of  primary  current  behind  primary  p.  d. 
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Discussion  on  "Starting  Conditions  of  Synchronous 
Machines  (Hay  and  Mowda walla),  Calcutta,  India, 
January  2, 1919. 

Quentin  Graham  s  In  considering  the  various  torques 
which  act  upon  the  rotor  during  the  starting  and  synchroniz- 
ing periods  the  authors  have  confined  themselves  to  those 
torques  which  are  active  when  the  field  winding  is  either 
open-circuited  or  short-circuited.  They  have  not  considered 
the  conditions  which  exist  when  the  field  is  excited  before 
sjmchronism  is  reached.  In  this  case  there  is  another  torque 
to  be  taken  into  account  which  is  the  predominant  one  during 
the  period  of  pulling  into  synchronism. 

When  the  motor  is  running  in  synchronism  its  torque, 
due  to  the  interaction  between  the  ampere  turns  of  the  field 
winding  and  those  of  the  armature  winding,  depends  upon 
the  position  of  the  poles  relative  to  the  revolving  m.  m.  f. 
of  the  armature.  The  torque  rises  from  zero  to  a  maximum 
as  the  relative  shift  of  the  rotor  passes  through  one  half  a 
pole  pitch.  This  is  the  limit  of  stable  operation  as  a  sjmchron- 
ous  motor.  With  a  further  relative  shift  of  the  rotor  the 
torque  falls  of!  to  zero  and  then  goes  through  a  negative  half 
cycle.  The  complete  cycle  extends  over  two  pole  pitches. 
Now  if  we  have  the  machine  running  as  an  induction  motor 
with  a  small  slip  and  then  excite  the  field  winding  the  rotor 
will  be  subjected  to  this  cycle  of  torque  every  time  it 
slips  one  pair  of  poles.  The  result  is  that  the  rotor  is 
made  to  oscillate  about  its  mean  position  at  slip  frequency. 
It  will  be  noticed  that  the  frequency  of  oscillation  of  an 
oi)en-circuited  or  short-circuited  rotor,  due  to  the  non- 
imiformity  of  the  magnetic  circuit,  is  twice  slip  frequency 
as  has  been  brought  out  in  the  paper. 

The  diagram  and  the  analysis  given  by  Messrs.  Hay  and 
Mowdawalla  for  the  case  of  a  rotor  oscillating  at  twice  slip 
frequency  is  applicable  to  the  case  of  the  excited  rotor  which 
oscillates  at  slip  frequency.  It  has  been  shown  by  Rosenberg, 
in  the  article  to  which  reference  is  made  in  the  present  paper, 
that  the  torque  due  to  the  excited  field  is  usually  large  com- 
pared to  the  torque  component  which  is  dependent  upon  the 
oscillating  speed  for  its  existence.  Or,  referring  to  Fig.  3, 
of  the  present  paper,  the  vector  0  S  should  be  large  in  com- 
parison with  the  vector  0  F  if  the  diagram  is  to  be  used  to 
represent  conditions  when  the  field  is  excited.  This  would 
justify  the  neglecting  of  the  torque  represented  by  the  vector 
0  F  in  calculating  the  pulling-in  ability  of  a  machine  as  has 
been  done  by  Rosenberg. 

The  pulling  into  synchronism  with  a  fully  excited  field  is 
of  particular  interest  since  it  is  this  condition  which  nearly 
always  exists  in  practical  work.  The  motor  is  brought  up 
to  within  a  few  percent  of  synchronous  speed  as  an  induction 
motor  and  if  it  is  carrying  an  appreciable  load  it  will  not  be 
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able  to  pull  into  step  of  its  own  accord.  The  field  must  then 
be  excited  in  order  to  cause  the  rotor  to  come  up  to  synchronous 
speed.  From  the  analysis  which  the  authors  have  given  it 
can  be  seen  that  if  the  motor  does  not  pull  in  to  step  during  the 
lurst  half  cycle  of  positive  or  accelerating  torque  it  will  not 
pull  in  at  sih  That  is,  during  the  following  half  cycle  of 
torque  it  will  be  retarded  an  equal  amount  and  will  therefore 
continue  to  oscillate  in  speed  but  will  not  reach  synchronous 
speed. 

It  may  be  deduced  also  that  the  certainty  of  pulling  in  to 
step  depends  upon  the  position  of  the  rotor  poles  relative 
to  the  stator  m.  m.  f .  wave  at  the  instant  that  the  field  is 
excited.  If  the  rotor  is  in  such  a  position  that  it  must  pass 
through  the  whole  of  the  accelerating  half  cycle  of  torque 
before  entering  the  zone  of  retarding  torque  the  likelihood  of 
its  reaching  synchronous  speed  is  greater  than  if  the  field  were 
excited  a  little  later  so  that  only  a  part  of  the  accelerating 
wave  is  passed  through  before  retardation  commences.  It  is 
somewhat  analogous  to  the  rise  in  fiux  in  a  transformer  that 
is  switched  on  to  the  line,  the  maximum  flux  reached  being 
dependent  on  the  point  of  the  voltage  wave  at  which  the 
switch  is  closed.  Experiments  have  proved  that  the  puUing- 
in  ability  of  a  motor  does  vary  considerably  with  the  point 
on  the  slip  cycle  at  which  the  field  is  closed. 

The  conclusion  which  the  authors  reach  that  the  field  should 
be  kept  open-circuited  during  the  early  part  of  the  starting 
period  is  open  to  question.  While  it  is  true  that  the  starting 
torque  is  higher  with  open-circuited  than  with  short-cir- 
cuited field,  as  shown  by  theory  and  confirmed  by  experiment, 
the  difference  between  the  two  is  not  very  great  in  motors 
having  well  designed  starting  windings.  Furthermore  the 
complicated  construction  which  would  result  from  applying 
field  break-up  switches  to  revolving  field  synchronous 
motors  would  more  than  offset  the  gain  in  starting  torque. 
Closing  the  field  circuit  during  starting  has  been  f  oimd  to  be 
the  most  practicable  method. 
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The  Board  of  Directors  of  the  American  Institute  of  Electrical  Engi- 
neers presents  herewith  to  the  membership  its  Thirty-fifth  Annual  Re- 
port, for  the  fiscal  year  ending  April  30,  1919.  A  general  balance  sheet 
showing  the  condition  of  the  Institute's  finances  on  April  30,  1919, 
together  with  other  detailed  financial  statements,  is  included  herein. 

Directors'  Meetings. — The  Board  of  Directors  held  ten  regular  meetings 
during  the  year;  seven  of  these  were  held  in  New  York,  one  in  Atlantic 
City  in  June,  one  in  Philadelphia  in  December,  and  one  in  Boston  in 
March. 

The  practise  has  been  continued  of  printing  from  month  to  month  in 
Section  I  of  the  Institute  Proceedings  information  regarding  the  more 
important  activities  of  the  Institute  which  have  been  under  consideration 
of  the  Board  of  Directors,  the  committees,  and  the  various  officers. 

Annual  Meeting. — The  Annual  Business  Meeting  was  held  at  Institute 
headquarters.  New  York,  on  May  17,  1918.  The  Annual  Report  of  the 
Board  of  Directors' for  the  fiscal  year  ending  April  30,  1918,  was  presented 
as  published  in  full  in  the  June  1918  issue  of  the  Proceedings.  The 
Tellers  Committee  presented  its  report  upon  the  election  of  officers  for 
the  year  beginning  August  1,  1918. 

Directly  following  the  business  meeting  came  the  ceremony  of  the 
presentation  of  the  Edison  Medal  to  Colonel  John  J.  Carty. 

Annual  Convention. — The  Thirty-fourth  Annual  Convention  was  held 
at  Atlantic  City  on  June  26  to  28,  1918.  This  was  strictly  a  business 
meeting  at  which  15  technical  papers  were  presented  at  five  sessions. 
Several  meetings  of  the  Section  Delegates  were  held.  Major  General 
Black  delivered  an  address  on  "Engineers  and  the  War." 

October  Meeting. — The  342nd  Institute  meeting,  scheduled  to  be  held 
at  Philadelphia,  October  11  and  12,  1918,  was  cancelled  on  account  of 
the  influenza  epidemic.  Presentation  of  the  technical  papers  was  post- 
poned until  the  meeting  of  December  13,  1918. 

New  York  Meeting. — The  343rd  Institute  meeting  was  held  in  New 
York  on  November  8,  1918  under  auspices  of  the  Industrial  and  Do- 
mestic Power  Committee. 

Toronto  Meeting. — The  344th  Institute  meeting  was  held  in  Toronto, 
Ontario  on  November  22  and  23,  1918.  Tliree  technical  papers  were 
presented  on  power  installations  and  developments  in  Ontario  and  Quebec. 
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Philadelphia  Meeting. — The  345th  Institute  meeting  was  held  in 
Philadelphia  on  December  13, 1918.  Two  technical  papers  were  presented 
and  two  addresses  on  Research. 

New  York  Meeting. — The  346th  Institute  meeting  was  held  in  New 
York  on  January  10,  1919.  The  evening  was  devoted  to  an  address  by 
Major  General  Squier  on  aeronautics. 

Mid- Winter  Convention. — The  Seventh  Mid- Winter  Convention  ^was 
held  in  New  York  on  February  19  to  21,  1919.  Attendance  exceeded 
1300.  Four  technical  sessions  were  held  and  fifteen  papers  presented. 
The  first  session  was  held  jointly  with  the  A.  I.  M.  £.  A  complete  report 
of  this  convention  was  published  in  the  March  1919  Proceedings. 

Boston  Meeting. — The  348th  Institute  meeting  was  held  at  Boston 
on  March  14,  1919.  Morning,  afternoon  and  evening  sessions  were  held 
at  which  three  technical  papers  and  several  addresses  were  presented  on 
widely  divergent  topics. 

New  York  Meeting. — The  349th  Institute  meeting  was  a  joint  meeting 
with  the  Illuminating  Engineering  Society  held  at  New  York  on  April 
11,  1919.     One  paper  was  presented  on  the  subject  of  Lighting  Codes. 

Meetings  and  Papers  Committee. — The  Meetings  and  Papers  Commit- 
tee has  held  meetings  every  month  at  the  time  and  place  of  the  regular 
meetings  of  the  Institute  held  during  the  past  year  as  referred  to  above. 
At  these  Committee  meetings  the  programs  of  the  Institute  meetings 
were  planned  and  the  various  papers  offered  for  presentation  and  the 
policy  of  the  Committee  were  discussed.  The  policy  of  the  Committee 
has  been  to  continue  the  practise  of  holding  some  meetings  outside  of 
New  York;  one  was  held  in  Toronto  in  November,  one  in  Philadelphia 
in  December,  and  one  in  Boston  in  March. 

At  the  beginning  of  the  fiscal  year  the  Committee  found  that  owing 
to  the  war  activities  of  the  membership  it  was  very  difficult  to  get  good 
papers,  but  with  the  cessation  of  war  activities  a  considerable  number 
of  desirable  papers  were  offered.  After  completing  plans  for  all  the  meet- 
ings through  and  including  November  1919,  a  considerable  number  of 
papers  is  still  available.  In  fact  there  is  material  available  for  some  Sec- 
tion meetings,  which  the  Committee  would  like  to  encourage  in  order 
that  certain  papers  well  worthy  of  presentation  may  be  presented  at  an 
earlier  date  than  would  be  the  case  if  they  had  to  wait  for  the  regular 
Institute  meetings. 

A  Pacific  Coast  Convention,  to  be  held  in  Los  Angeles  in  September 
1919,  has  been  authorized. 

Technical  Activities. — The  Board  of  Directors*  Committee  on  Tech- 
nical Activities  was  appointed  for  the  purpose  of  co-relating  the  work 
of  the  various  Technical  Committees  and  to  bring  about  the  adoption 
of  programs  of  work  for  the  Committees  to  undertake,  which  might  prove 
of  advantage  to  the  Inst^ute.  In  the  past  the  Technical  Committees 
have  been  mainly  concerned  with  securing  papers  for  meetings  and  with 
few  exceptions  there  have  been  no  other  activities.     It  has  been  realised 
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for  a  long  time  that  there  were  other  fields  that  the  Technical  Com- 
mittees could  work  in  to  the  advantage  of  the  Institute.  Some  commit- 
tees had  already  undertaken  programs  mainly  with  the  object  of  preparing 
statements  of  existing  successful  practise  for  the  guidance  of  people  in- 
terested in  various  industries,  but  in  the  past  it  has  not  always  been 
possible  to  carry  out  such  programs,  as  there  was  no  system  for  insuring 
the  continuity  of  such  action.  The  Board's  Committee  has  communi- 
cated with  the  Chairmen  of  Technical  Committees  during  the  year  and 
there  has  been  an  increase  in  the  amount  of  work  undertaken  by  these 
Committees.  The  Industrial  Power  Committee  has  had  for  sometime  a 
large  program  which  is  being  worked  out,  and  the  other  committees  have 
started  work  along  somewhat  similar  lines,  such  as  the  Iron  and  Steel 
Committee,  which  is  preparing  to  summarize  the  successful  practise  of 
the  Iron  and  Steel  Industry  with  regard  to  electrical  installations;  the 
Marine  Committee  which  has  been  engaged  in  preparing  proposed  in- 
stallation rules  for  which  there  is  at  present  a  great  need,  and  others 
of  the  Committees  are  engaged  on  similar  useful  programs  which  will 
be  presented  to  the  Institute  either  in  the  form  of  papers  or  reports. 

The  Annual  Reports  of  the  sixteen  technical  committees  of  the  In- 
stitute will  be  presented  at  the  Annual  Convention  of  the  Institute  in 
June  1919,  and  will  probably  be  printed  in  the  July  or  August  issues  of 
the  Proceedings. 

Editing  Committee. — The  Editing  Committee  has  jurisdiction  over  the 
publication  of  the  annual  Transactions  and  has  been  engaged  with 
Volume  XXXVII  covering  the  year  1918.  This  volume  will  be  published 
in  two  parts.  Part  I  is  completed  and  Part  II  is  now  in  the  bindery.  The 
volume  contains  approximately  2000  pages  and  87  plates  of  half-tone 
illustrations,  comprising  papers  and  discussions  presented  at  Institute 
meetings  during  the  year. 

Sections  Committee. — The  year  ending  May  1st  witnessed  the  crest 
of  the  wave  of  American  activity  in  the  great  war.  It  is  then  not  sur- 
prising that  it  should  include  the  slight  resulting  depression  in  attendance 
at  the  meetings  of  the  various  sections  of  the  Institute  indicated  in  the 
table  below. 

Whether  drawn  from  the  lessons  of  the  hour  regarding  the  value  of 
co-operation  or  led  by  some  other  inspiration,  the  tendency  in  section 
affairs  during  the  year  has  been  that  of  continued  development  in  the 
direction  of  affiliation  with  the  sections  of  other  technical  societies.  This 
has  resulted  not  only  in  the  highly  desirable  objective  of  greater  co-opera- 
tion and  unity  among  engineers,  but  has  also  placed  the  engineer  in  higher 
standing  with  his  community  by  his  greater  participation  in  civic  and 
municipal  affairs  in  those  centers  where  such  affiliation  has  been  under- 
taken. 

The  Sections  Committee,  encouraged  by  the  well  established  policy 
of  the  Institute  which  has  long  aimed  to  develop  this  co-operation,  ap- 
pointed at  their  conference  at  Atlantic  City  last  June,  a  committee  to 
study  existing  methods  and  formulate  suggestions  for  the  guidance  of 
all  sections  so  located  as  to  make  such  affiliation  profitable. 
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This  committee,  now  working  in  conjunction  with  the  general  committee 
on  the  development  of  Institute  activities,  should  be  able  to  tender  a 
helpful  report  at  the  meeting  of  the  sections  delegates  next  month.  The* 
sections  at  Atlanta,  Chicago,  Milwaukee,  St.  Louis,  Spokane,  Indian- 
apolis, Philadelphia,  Portland,  Ore.,  and  San  Francisco,  now  well  estab- 
lished in  this  plan  of  affiliation  should  find  numerous  additions  to  their 
ranks  as  time  progresses. 

The  activities  of  the  Student  Branches  have  continued  to  be  materially 
modified  by  the  war  conditions,  notably  by  the  organization  of  the 
Students  Army  Training  Corps.  A  considerable  number  of  the  Branches 
have  been  inactive  during  the  greater  portion  of  the  year,  but  since 
January  1,  many  have  reorganized  and  are  now  active;  all  will  probably 
resume  normal  activity  by  next  Fall. 

Two  new  Branches  were  authorized  during  the  year  at  the  University 
of  Pennsylvania  and  Drexel  Institute. 


For  Fiscal  Year  Ending 

May  1 

1913 

May  1 

1914 

May  1 
1915 

May  1 
1916 

May  1 

1917 

May  1 

1918 

May  1 

1919 

Sbctions 
Number  of  Sections 

29 

• 

244 
22.825 

30 

233 
22.626 

31 

246 
23.507 

32 

251 
28.553 

32 

265 
31.299 

34 

245 
34,614 

34 

217 
26.837 

Number  of  Section  meetings 
held 

Total  Attendance 

Branches 

Number  of  Branches 

Number  of  Branch  meetings 
held 

47 

357 

11.808 

47 

306 

11,617 

52 

328 

12,712 

54 

360 

15.166 

59 

368 

16.107 

59 
268 
10,683 

61 

156 

6.441 

Attendance 

Standards  Committee. — The  Standards  Committee  has  held  during 
the  year  six  regular  monthly  meetings,  one  special  meeting,  and  a  joint 
meeting  with  the  U.  S.  National  Reorganization  of  Work. 

In  order  to  expedite  the  work  of  the  Committee,  the  entire  system  of 
subcommittees  has  been  reorganized  so  that  all  detail  consideration  of 
changes  in  standards  and  other  technical  affairs  is  now  referred  in  each 
case  to  a  specific  sub-committee.  Action  by  the  Standards  Committee 
is  taken  only  after  receiving  recommendations  from  a  subcommittee.  A 
large  amount  of  detail  discussion  has  thus  been  eliminated.  There  are  at 
present  twenty-four  of  these  sub-committees. 

Revision  of  the  General  Form  of  the  Standardization  Rules. — A  large 
share  of  the  time  of  the  Standards  Committee  during  the  past  year  has 
been  devoted  to  a  consideration  of  changes  in  the  form  and  arrangement 
of  the  Standardization  Rules.  This  matter  has  been  in  the  hands  of  the 
Subcommittee  on  the  Form  but  not  the  Substance  for  some  time  past  and  a 
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general  system  of  revision  by  which  the  Standardization  Rules  are  divided 
into  chapters  was  reported  and  has  been  adopted. 

Changes  in  Substance  of  the  Present  Rules. — It  is  hoped  to  complete 
the  full  text  of  this  revision  of  the  form  of  the  Standardization  Rtdes 
this  year.     A  few  minor  changes  of  substance  will  be  included. 

A  revised  chapter  covering  Lighting  and  Illumination  and  based  on  the 
latest  rules  of  the  Illuminating  Engineering  Society  has  been  recommended 
by  the  Subcommittee  on  Lighting  and  Illumination  and  substituted  for 
the  present  chapter. 

Cooperation  with  the  General  Committee  on  Standardization  of  Electrical 
Equipment  and  SUpplies  of  the  War  Department. — At  the  request  of  Major 
N.  J.  Neall,'  Chairman  of  the  above  Committee,  that  the  Standards 
Committee  should  cooperate  with  the  General  Committee  of  the  War 
Department  in  the  preparation  of  specifications,  the  Standards  Committee 
voted  to  render  all  possible  assistance  through  its  subcommittees.  Dr. 
P.  G.  Agnew  was  appointed  a  special  subcommittee  to  further  this  work 
which  has  been  carried  on  throughout  the  year.  Very  effective  assistance 
has  been  rendered  the  War  Department  Committee. 

Joint  Meeting  with  U.  S.  National  Committee  of  the  I.  E.  C. — At  a  joint 
meeting  of  the  U.  S.  National  Committee  of  the  I.  E.  C.  and  the  Standards 
Committee  it  was  decided  to  recommend  the  early  reappointment  of  the 
subcommittee  of  the  I.  E.  C.  on  Rating,  to  meet  preferably  in  Paris. 
Professor  C.  A.  Adams,  Mr.  H.  M.  Hobart  and  C.  O.  Mailloux  will 
represent  the  Institute.  These  representatives  while  abroad  will  also 
take  up  with  the  Rating  Panel  of  the  British  Engineering  Standards 
Association  the  actions  taken  and  suggestions  made  by  the  Standards 
Committee. 

American  Engineering  Standards  Committee. — The  consideration  of 
suggested  changes  in  the  Constitution  and  Rules  of  Procedure  made  it 
necessary  to  continue  the  organization  committee  until  May  1918,  when 
a  revised  draft  of  the  Constitution  and  Rules  of  Procedure  was  agreed 
upon  and  sent  to  the  five  appointing  societies  (A.  S.  C.  E.,  A.  I.  M.  M.  E., 
A.  S.  M.  E.,  A.  I.  E.  E.,  an'd  A.  S.  T.  M.)  for  their  approval.  This 
approval  was  received  from  all  of  the  societies,  and  representatives 
appointed  by  each  met  on  October  19th,  1918,  and  organized  the  American 
Engineering  Standards  Committee. 

Soon  after  organization  it  became  evident  that  the  Committee  must  be 
enlarged  in  order  to  secure  the  cooperation  of  several  important  organiza- 
tions engaged  in  standardization  work.  This  fact  was  emphasized  by 
the  action  of  a  conference  held  in  Washington,  January  15,  1919,  to 
consider  the  method  of  developing  and  approving  Industrial  Safety  Codes. 
At  this  conference  it  developed  that  the  princii)al  organizations  would  not 
cooperate  with  this  Committee  unless  they  had  direct  representation  on 
it.  Such  representation  is  not  possible  under  the  present  Constitution, 
so  after  careful  consideration  the  Committee  has  decided  that  an  increase 
in  its  membership  is  desirable.  It  will  therefore  be  necessary  to  make 
further  changes  in  the  Constitution.  Such  a  revision  has  been  drafted 
and  approved  by  the  Committee  and  will  be  submitted  to  the  five  Founder 
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Societies  for  their  approval  dtiring  the  month  of  May  1919.  It  is  expected 
that  this  revision  will  enable  the  Committee  to  begin  active  work  in  the 
near  future. 

Public  Policy  Committee. — The  Public  Policy  Committee,  during  the' 
administrative  year  about  to  close,  has  held  itself  in  readiness  to  take  up 
any  matters  which  might  be  referred  to  it  by  the  Institute  authorities, 
but  has  not  initiated  any  recommendations.  The  reason  for  the  in- 
activity of  the  Committee  is  that  for  the  last  two  years  the  several  matters 
which  would  have  naturally  been  acted  upon  by  it  have  been  considered 
by  Engineering  Council. 

Committee  on  Safety  Codes. — The  Committee  on  Safety  Codes  has 
continued  to  represent  the  Institute  on  the  Electrical  Committee  of  the 
National  Fire  Protection  Association,  and  representatives  attended  the 
meeting  of  the  N.  P.  P.  A.  Committee  in  New  York  in  March,  this  being 
the  intermediate  meeting,  at  which  was  discussed  the  various  features  of 
the  Electrical  Code,  in  preparation  for  the  regular  biennial  meeting  in 
1920,  at  which  time  changes  in  the  Code  are  officially  made. 

The  Committee  was  represented  at  the  conference  in  Washington  with 
the  Bureau  of  Standards,  for  the  purpose  of  discussing  matters  relating 
to  the  American  Engineering  Standards  Committee,  and  the  desirability 
of  the  writing  of  an  Industrial  Safety  Code. 

The  Committee  has  been  active  during  the  year  on  routine  matters  of 
a  code  nature,  with  the  N.  E.  L.  A. 

The  first  part  of  the  fiscal  year  the  Committee  was  more  or  less  inactive, 
due  to  war  conditions,  but  since  the  signing  of  the  armistice  inter- 
association  matters  have  revived,  and  almost  all  the  activities  of  the 
Committee  occurred  in  the  last  quarter  of  the  year. 

Board  of  Examiners. — The  Board  of  Examiners  during  the  year  held 
sixteen  meetings,  averaging  about  two  and  one-half  hours  each.  It 
considered  and  referred  to  the  Board  of  Directors  a  total  of  2111  applica- 
tions for  admission  or  transfer  to  the  higher  grades. 

Some  applicants  for  admission  were  objected  to  on  ethical  grounds. ' 
Although  the  number  of  such  cases  was  small,  considerable  time  was 
required  for  the  necessary  investigations;   adverse  action  was  taken  in  a 
few  such  cases.     The  Board  continued  the  practise  of  requiring  question- 
able applicants  to  furnish  proof  of  loyalty  to  the  ideals  of  the  United  States. 

The  result  of  the  Board's  work  for  the  year  is  given  in  the  following 
tabulated  statement: 

Applications  for  Admission 

Recommended  for  grade  of  Associate 1213 

Not  recommended 9     1222 

Recommended  for  grade  of  Member 87 

Not  recommended  for  admission  to  this  grade 23       110 

Recommended  for  grade  of  Fellow 4 

Not  recommended  for  admission  to  this  grade 1  5 

Recommended  for  enrolment  as  Students 659 
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Applications  for  Transfer 

Recommended  for  grade  of  Member 81 

Not  recommended  for  transfer  to  this  grade 19       100 

Recommended  for  grade  of  Fellow 12 

Not  recommended  for  transfer  to  this  grade 3         15 

Total  number  of  applications  considered 2111 

Applications  reconsidered 6 

Total 2117 

Membership. — Sixteen  hundred  and  ninety-five  applications  for 
membership  in  the  Institute  have  been  received  this  year,  which  is  by 
far  the  largest  number  ever  received  in  any  one  year.  The  nearest 
approach  to  this  was  for  the  year  ending  May  1,  1918,  when  1235  applica- 
tions were  received. 

A  printed  list  of  reasons  why  a  man  should  become  a  member  of  the 
Institute  was  printed  for  distribution  to  desirable  candidates.  Several 
thousand  of  these  were  called  for  by  the  Sections. 

The  Membership  Committee  feels  that  new  members  should  be  ob- 
tained at  an  increasing  rate  to  keep  pace  with  the  industry. 

The  lOjOOO  mark  has  been  passed,  the  membership  of  the  Institute  as 
of  May  1,  1919,  being  10,352.  This  shows  a  net  increase  of  1070  members 
since  May  1,  1918,  approximately  twice  the  net  increase  of  the  previous 
year^  which  was  572. 

During  the  five  years  ending  May  1,  1917,  the  net  increase  was  only 
1251;  the  total  applications  received  in  these  five  years,. 2440.  These 
figures  emphasize  the  greatly  increased  activity  of  the  past  two  years. 


Honorary 
Member 

Fellow 

Member 

Associate 

Total 

Membership,  April  30.  1018. 

6 

464 

1332 

7480 

0282 

Additions: 

Trmnsf  erred 

•  •   •   « 

•  •   •   • 

■  •   •   • 

•  •   •   • 

•  »  •   • 

24 

0 
4 

4 
1 

•   •  •   • 

4 

88 

84 

7 

7 

4 

18 

15 

•   •   ■  • 

1221 
55 

66 

77 

94 

220 

•  •  •  • 

•  •  •  • 

•  •    a    • 

•  •    •    • 

•  •    ■    • 

•  •    •    ■ 

•  •    •    • 

New  Members  Qualified . . . 
Reinstated.. 

Deductions: 
Died 

Resigned 

Transferred 

Dropped 

Membership.  AprU  30. 1019 . . 

6 

489 

1467 

8200 

10232 

Net  increase  in  membership  during  the  year. 
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Deaths. — The  following  deaths  have  occurred  during  the  year: 

Fellows — A.  O.  Benecke,  M.  H.  Collbohm,  W.  L.  Hooper,  C.  R.  McKay. 

Members—GeoTge  E.  Claflin,  *F.  J.  Duffy,  Charles  H.  Hile,W.  J.  Jenks, 
Etna  Kuhlman,  Frank  I.  Porter,  0.0.  Rider. 

Associates — E.  G.  Anderson,  H.  F.  Anderson,  Arthur  S.  Andrews, 
Samuel  Avis,  G.  R.  Baker,  *Remson  Bishop,  John  Bottomley,  Ralph  E. 
Brown,  W.  B.  Burbeck,  ♦E.  W.  Caldwell,  J.  J.  Campbell,  Eric  Carlson, 
♦LucianCarr,  ♦W.W.Crawford,  E.W.  Currier, Harry L. Curtis,  ♦R.F.Day, 
Edward  D.  Donald,  *John  J.  Donnohue,  Hugh  H.  Emery,  E.  B.  Fahnes- 
tock,  I.  Fujioka,  John  D.  Gaboury,  W.  K.  Greenwood,  John  Hanover, 
Vernon  E.  Hess,  W.  Lesniewski,  Edward  Lineberry,  Claudius  B.  Little, 
♦George  Mac  Indoe,  J.  A.  MacQueen,  Glen  W.  Merrill,  ♦Charles  J. 
Moore,  A.  F.  Moray,  ♦N.  I.  Moultrop,  H.  P.  Myers,  Archie  Oakes, 
B.  A.  Ordonez,  C.  H.  Parmly,  D.  H.  Plank,  James  M.  Poyner,  H.  E. 
Randall,  Jr.,  O.  B^Reynolds,  E.  M.  Rhett,  Arnold  Ruegg,  Owen  Samsel, 
Charles  P.  Seeger,  S.  V.  Setti,  ♦D.  A.  Shanks,  C.  F.  Shipman,  Charles  P. 
Sise,  *J.C.  M.  Small,  Herbert  E.  Smith,  Alan  Smout,  C.  W.  Steiner,  John 
F.  Stevens,  S.  Sugiyana,  T.  R.  Taltavall,  Ralph  E.  Thomas,  *A.  R. 
Thompson,  Stuart  Thomson,  L.  J.  Vogel,  H.  Webber,  F.  S.  Wheeler, 
Richard  M.  Wilson,  Minor  I.  Woodward,  N.  R.  Work. 

Total  deaths,  77.     *Died  in  U.  S.  Service. 

Employment  Service. — An  employment  service  has  been  maintained 
for  many  years  at  Institute  headquarters  for  the  purpose  of  assisting 
members  in  obtaining  positions.  The  services  of  the  Institute  consist 
principally  in  acting  as  a  medium  for  bringing  together  the  employer  and 
the  employee.     No  charge  is  made. 

The  engineering  service  bulletin  is  published  each  month  in  the  Institute 
Proceedings  and  it  has  served  to  place  many  men  in  positions  of 
responsibility,  both  in  this  country  and  abroad.  The  bulletin  is  sub- 
divided into  two  parts:  one  containing  announcements  of  vacancies,  and 
the  other  containing  lists  of  men  available,  with  condensed  records  of 
their  experience.  The  value  of  this  service  to  the  membership  will 
continue  to  increase  from  year  to  year  as  men  of  engineering  and  ex- 
ecutive responsibility  realize  the  opportunity  afforded  by  it  to  reach  tech- 
nical men  whom  it  would  be  difficult  to  find  through  other  channels. 

Demobilization  greatly  increased  the  number  of  men  available,  while 
the  number  of  positions  open  has  greatly  decreased.  The  service  has 
been  extended  without  charge  to  non-members  who  are  or  have  been  in 
the  service  of  the  Army  or  Navy.  An  effort  has  been  made  to  keep 
those  men  on  the  available  file  in  closer  touch  with  positions  open  than 
heretofore  possible  when  dependence  was  alone  placed  on  the  Service 
Bulletin  of  the  Proceedings,  by  issuing  to  them  when  deemed  ad- 
visable, a  list  of  the  opportunities  on  file. 

The  Institute's  employment  service  is  coordinated  with  that  of  other 
organizations,  through  the  medium  of  the  Engineering  Societies  Employ- 
ment Bureau,  organized  under  the  auspices  of  the  Engineering  Council 
and  conducted  under  the  direction  of  the  secretaries  of  the  national 
societies  of  Civil,  Mining,  Mechanical,  and  Electrical  Engineers. 
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Derelopmeiit  of  the  Institute. — In  October  1918  the  Board  of  Directors 
authorized  the  appointment  of  a  Committee  on  Development  to  consider 
suggested  or  proposed  modifications  in  the  activities  and  methods  of 
work  of  the.  Institute,  including  the  relations  of  the  Institute  to  other 
organizations.  This  action  was  taken  with  a  view  to  making  a  survey 
of,  and  adjusting,  the  work  of  the  Institute,  having  in  mind  the  rapidly 
changing  social,  economic,  and  industrial  conditions. 

Each  Section  of  the  Institute  was  requested  to  designate  a  member 
of  this  Committee;  and  these  representatives  of  Sections,  together  with 
seven  additional  members  appointed  by  the  President,  constitute  the 
Committee,  which  has  been  actively  at  work  for  several  months. '  The 
membership  was  urged  to  submit  suggestions  and  most  of  the  Sections 
have  held  at  least  one  meeting  for  the  purpose  of  discussing  the  subject. 
On  accotmt  of  the  wide  geographical  distribution  of  the  membership, 
no  meetings  of  the  entire  Committee  have  been  held,  but  the  representa- 
tives of  the  Sections  have  made  reports  to  an  Executive  Committee  of 
seven  members  of  the  Development  Committee.  This  Executive  Com- 
mittee has  held  two  meetings,  at  which  numerous  suggestions  from  the 
membership  throughout  the  country  have  been  considered.  The  principal 
features  of  these  suggestions  representing  the  consensus  of  the  views 
expressed,  are  being  compiled  by  the  Executive  Committee  for  further 
consideration  by  the  members  of  the  general  Committee;  and  the  whole 
subject  will  be  thoroughly  considered  and  discussed  in  conferences  to  be 
held  under  the  auspices  of  the  Development  Committee  at  the  Annual 
Convention  of  the  Institute  in  June,  after  which  it  is  expected  that  a 
report,  embodying  definite  recommendations,  will  be  presented  to  the 
Board  of  Directors. 

War  Activities. — The  Institute  continued  during  the  past  year  in  active 
cooperation  with  the  various  government  departments  and  agencies  en- 
gaged in  war  work  as  listed  in  the  Report  of  the  Board  of  Directors  for 
1918. 

The  work  in  furtherance  of  Allied  victory  in  which  the  Institute  aided 
during  the  period  from  May  1918  to  the  signing  of  the  armistice  included 
cooperation  in  obtaining  personnel  for  many  branches  of  service,  as  follows: 
candidates  for  the  4th  series  of  Officers  Training  Schools,  for  Submarine 
Service,  for  the  Coast  Artillery  Corps  and  the  Forest  Service;  specially 
trained  men  for  work  in  the  Bureau  of  Mines  and  to  act  as  instructors  in 
the  various  army  training  schools;  for  the  U.  S.  Navy  Steam  Engineering 
School  at  Stevens  Institute  and  for  commissions  in  the  Ordnance  Dept. 

The  compilation  and  correction  of  the  Institute's  Honor  Roll  has  been 
continued  until  from  all  information  at  hand  it  shows  a  total  of  1417 
members  have  served  in  the  uniformed  forces  of  the  United  States  and 
the  Allies  of  which  number  21  died  in  service.  Practically  all  of  the  1417 
members  voluntarily  entered  the  service  and  it  is  particularly  gratifying 
to  note  the  large  proportion  of  officers,  as  given  in  the  summary.  A 
large  proportion  of  these  officers  received  their  commissions,  or  were 
inducted  into  the  service  as  a  result  of  calls  made  upon  the  Institute  by 
various  departments  of  the  Army  and  Navy. 
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SUMMARY 
U.    S.    Army  U.    S.    Navy 

Major  Generals 7  Rear  Admirals 1 

Brigadier  Generals 5  Captains 1 

Colonels 9  Commanders 6 

Lieut.  Colonels 23  Lieut.  Commanders 9 

Majors 110  Lieutenants 45 

Captains 219  Lieutenants  (j.  g.) 72 

First  Lieutenants 199  Ensigns. 75 

Second  Lieutenants 162  Miscellaneous 75 

Sergeants 34  

Corporals 17            Total 284 

Miscellaneous 267  U.  S.  Marine  Corps 

Lieutenants 3 

Total 1052  Private 1 


Total 4 

Allied  Forces 

British  Army 63     Italian  Army 1 

British  Navy 6    Japanese  Navy 1 

French  Army 6  

Total 77 

Total  on  Honor  Roll 1417 

U.  8.  National  Committee,  International  Electrotechnical Commission. — 

The  U.  S.  National  Committee  of  the  I.  E.  C.  held  a  joint  meeting  with 
the  Standards  Committee  in  Philadelphia,  December  12,  1918,  at  which 
resolutions  were  adopted  favoring  the  resumption  of  I.  E.  C.  activities, 
and  recommending  the  early  reappointment  of  a  subcommittee  of  the 
I.  E.  C.  on  Rating,  to  meet  preferably  in  Paris,  for  the  purpose  of  con- 
sidering certain  communications  from  the  French  Committee,  particularly 
in  regard  to  I.  E.  C.  rules  on  Temperature  Elevations  of  Machinery. 

At  this  meeting,  the  printing  of  the  I.  E.  C.  Rating  Rules  as  an  ap- 
pendix to  the  1918  edition  of  the  A.  I.  E.  E.  Standardization  Rules,  was 
suggested  and  authorized. 

The  following  documents  have  been  received  from  the  General  Secre- 
tary and  distributed  among  the  members  of  the  U.  S.  Nationa  ICommittee: 

(1)  The  Annual  Report  of  the  Honorary  Secretary  (Colonel  Crompton) 

for  the  year  1918. 

(2)  A  communication  from  the  French  Committee  regarding  a  term  for 

the  unit  of  "Reactive  Power." 

(3)  A  list  of  Statutes  of  the  I.  E.  C. 

(4)  A  communication  from  the  Dutch  Committee  in  regard  to  an  in- 
ternational standard  of  comparison  of  aluminum. 

The  U.  S.  National  Committee  will  be  represented  by  Messrs.  C.  A. 
Adams,  H.  M.  Hobart,  and  C.  O.  Mailloux  at  a  meeting  of  the  I.  E.  C. 
Special  Committee  on  Rating,  at  Paris,  May  5-7,  1919. 

It  is  believed  that  the  conventions  of  I.  E.  C,  interrupted  for  more 
than  four  years  by  the  war,  will  now  be  resumed. 


r       s 
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American  Engineers  Go  To  France. — At  the  invitation  of  the  French 
Society  of  Civil  Engineers  and  a  committee  of  the  French  Engineers' 
Congress,  and  with  the  approval  of  the  French  government,  a  delegation 
of  American  engineers  was  appointed  to  study  with  French  engineers 
problems  involved  in  the  industrial  rehabilitation  of  France;  such  as, 
utilization  of  commercial  ports,  the  development  of  navigable  waterways, 
the  development  of  water  power,  improvement  of  road  systems,  and 
many  other  questions  of  development. 

Immediately  on  receipt  of  the  invitation  a  delegation  was  organized 
representing  the  American  national  societies.  The  Executive  Committee 
of  the  Institute  selected  Lewis  B.  Stillwell  as  the  A.  I.  E.  E.  representa- 
tive. The  complete  delegation,  which  sailed  from  New  York  on  Decem- 
ber 5,  1918,  was,  as  follows:  Messrs.  James  F.  Case,  Chairman,  Geo. 
W.  Fuller,  A.  M.  Hunt,  Nelson  P.  Lewis,  Charles  T.  Main,  E.  Gybbon 
Spilsbury,  Lewis  B.  Stillwell,  George  F.  Swain,  and  George  W.  Tillson. 

On  the  evening  of  February  10,  1919  a  joint  meeting  of  the  four  Founder 
Societies  was  held  in  the  Engineering  Societies  Building,  New  York,  at 
which  the  delegates  presented  informal  reports,  abstracts  of  which  were 
published  in  the  Proceedings  for  March,  1919. 

United  Engineering  Society. — This  Society  performs  for  the  national 
societies  of  Civil,  Mining,  Mechanical,  and  Electrical  Engineers,  certain 
specific  acts  which  are  governed  by  contracts;  the  primary  function  of 
the  United  Society  being  to  hold  in  trust  and  to  administer  for  these 
societies  the  Engineering  Societies  Building,  in  which  the  headquarters 
of  the  national  societies  are  located. 

Extracts  from  the  annual  financial  report  of  the  United  Engineering 
Society  were  published  in  the  April  1919  Proceedings. 

Library. — The  library  of  the  Institute  is  combined  with  the  libraries  of 
the  national  societies  of  civil,  mining,  and  mechanical  engineers,  adminis- 
tered as  the  "Engineering  Societies  Library"  under  the  direction  of  the 
Library  Board  of  the  United  Engineering  Society;  this  board  is  composed 
of  representatives  of  each  of  the  four  societies  referred  to  above. 

In  order  to  place  the  facilities  of  the  library  at  the  disposal  of  persons 
residing  at  a  distance  from  New  York,  a  Library  Service  Bureau  has  been 
established,  and  a  staff  of  expert  searchers  and  translators  is  employed  to 
cover  almost  any  engineering  topic,  in  the  following  manner:  abstracting, 
translating,  bibliographing,  statistical  searches  and  reports,  searches  for 
patent  purposes,  copying,  preparing  reference  cards,  etc. 

An  abstract  of  the  annual  report  of  the  Engineering  Societies  Library 
covering  the  calendar  year  1918,  was  published  in  the  April  1919 
Proceedings. 

Engineering  Council. — The  Engineering  Council  represents  the  result 
of  an  organized  effort  inaugurated  in  the  latter  part  of  1916  by  the  national 
societies  of  Civil,  Mining,  Mechanical,  and  Electrical  Engineers,  to 
establish  an  instrument  through  which  united  action  could  be  brought 
about  upon  matters  of  common  interest  to  engineers  and  which  would 
serve  as  a  connecting  medium  between  the  engineer  and  the  public  welfare 
in  matters  of  interest  to  the  engineering  profession.  The  first  meeting  of 
the  Council  was  held  on  June  27,  1917. 
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For  details  regarding  the  field,  aims,  and  activities  of  the  Council, 
members  are  referred  to  the  numerous  statements  published  from  time  to 
time  in  the  monthly  Institute  Proceedings.  A  resume  of  the  annual 
report  covering  the  activities  of  the  Council  for  the  year  ending  February 
13,  1919,  was  published  in  the  April  1919  Proceedings. 

Engineering  Foundation, — The  Engineering  Foundation  is  a  fund 
established  by  the  United  Engineering  Society  on  January  27,  1915, 
through  the  generosity  of  Mr.  Ambrose  Swasey,  of  Cleveland. 

The  purpose  of  the  Engineering  Foundation  is  the  advancement  of  the 
engineering  arts  and  sciences  in  all  their  branches  to  the  greatest  good  of 
the  engineering  profession  and  the  good  of  mankind,  which  it  is  proposed 
to  accomplish  largely  through  the  promotion  of  engineering  research. 

The  Engineering  Foundation  is  administered  by  a  board  upon  which 
the  Institute  and  other  national  engineering  societies  are  represented. 
The  annual  report  of  the  Engineering  Foundation  was  also  published  in 
the  April  1919  Proceedings. 

Representatives. — The  Institute  has  continued  its  representation  upon 
various  national  committees  and  other  local  and  national  bodies  with 
which  it  has  been  affiliated  in  past  years,  and  in  addition  has  appointed 
representatives  upon  a  number  of  new  organizations,  some  of  the  more 
recent  being  the  Engineering  Division  of  the  National  Research  Council, 
and  the  American  Bureau  of  Welding. 

Edison  Medal. — The  Edison  Medal  for  1917,  which  had  been  awarded 
to  Col.  John  J.  Carty  "for  his  work  in  the  science  and  art  of  telephone 
engineering"  was  presented  to  Col.  Carty  with  appropriate  ceremonies  at 
the  Annual  Meeting  of  the  Institute  held  in  New  York  on  May  17,  1918. 
The  Edison  Medal  for  1918,  has  been  awarded  to  Benjamin  G.  Lamme 
"for  invention  and  development  of  electrical  machinery,"  and  the  presen- 
tation will  take  place  at  the  Annual  Meeting  of  the  Institute  which  will  be 
held  in  New  York  on  May  16,  1919. 

John  Fritz  Medal. — The  John  Fritz  Medal  Board  of  Award  which  is 
composed  of  representatives  of  the  national  societies  of  Civil,  Mining, 
Mechanical  and  Electrical  Engineers  awarded  the  1919  medal  to  General 
George  W.  Goethals,  the  builder  of  the  Panama  Canal.  The  presentation 
will  take  place  at  the  Engineering  Societies  Building  in  New  York  on 
May  22,  1919. 

Finance  Committee. — During  the  year  the  committee  has  held  monthly 
meetings,  has  passed  upon  the  expenditures  of  the  Institute  for  various 
purposes,  and  otherwise  performed  the  duties  prescribed  for  it  in  the 
Constitution  and  By-laws. 

Haskins  and  Sells,  certified  public  accoimtants,  have  audited  the  books, 
and  their  report  is  included  herein. 
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AMERICAN  INSTITUTE  OF  ELECTRICAL  ENGINEERS 

CERTIFICATE  OP  AUDIT 

We  have  audited  the  books  and  accounts  of  the  American  Institute  of 
Electrical  Engineers  for  the  year  ended  April  30,  1919,  and 

We  Hereby  Certify  that  the  accompanying  General  Balance  Sheet 

properly  sets  forth  the  financial  condition  of  the  Institute  on  April  30, 

1919,  that  the  Statement  of  Income  and  Profit  &  Loss  for  the  year  ended 

that  date  is  correct,  and  that  the  books  of  the  Institute  are  in  agreement 

therewith. 

HASKINS  &  SELLS, 

Certified     Public    Accountants. 
New  York, 

May  13,  1919. 
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AMERICAN  INSTITUTE  OP 
Exhibit  A.  General  Balance  Sheet 

Assets 
Real  Estate: 
One-fourth  Interest  in  United  Engineering  Society's  Real  Estate, 
25  to  33  West  39th  Street: 

Land  and  Building 1472.500.00 

Real  Estate  Equipment 14,292.70 

Total  Real  Estate 1486,792.79 

Equipment: 

Library — Volumes  and  Fixtures I  39,847.55 

Works  of  Art,  Paintings,  etc 3,001.35 

Office  Furniture  and  Fixtures 12,428.68 

Total I  55.277.58 

Less  Reserve  for  Depreciation 10.840.47 

Remainder — Equipment 44,437.1 1 

Investments: 

Bonds — City  of  Wilmington,  Delaware.  4>^%,  1934.  Par  Value 

115.000.00 I  15,782.05 

United  States  Third  Liberty  Loan,  4X %  Bonds 10.000.00 

Total  Investments 25,782.05 

Working  Assets: 

Publications  Entitled  "Transactions."  etc I  12.599.00 

Paper  and  Cover  Paper 2,162.05 

Paper  for  Volume  37  and  Advertising 336.69 

Badges 1,166.74 

Total  Working  Assets 16.264.48 

Current  Assets: 

Cash I  14.916.68 

Accounts  Receivable: 

Members  for  Past  Dues 9,728.15 

Advertisers 678.80 

Miscellaneous  Sales 388  09 

Miscellaneous  Printing  and  Subscriptions < 1,034.00 

Accrued  Interest  on  Investments 109.38 

Accrued  Interest  on  Bank  Balances 284.59 

Total  Current  Assets 27,139.69 

Funds: 

Life  Membership  Fund 

Cash I    438.67 

Chicago,  Burlington  &  Quincy  Railroad  Company 

Bonds.  4%,  1958.  Par  Value  15.000.00 4.868.75 

Accrued  Interest 33.33  I     5.340.75 

International    Electrical    Congress    of    St.    Louis — 

Library  Fund: 

Cash I    137.61 

New  York   City   Bonds.  4M%.   1957,   Par  Value 

12.000.00 2,242.33 

New  York  Telephone  Company  Bond,  4>4%,  1939, 

Par  Value  11.000.00 878.75 

Accrued  Interest 67.50         3,326.19 

Mailloux  Fund: 

Cash I    142.35 

New  York  Telephone  Company  Bond,  4^%,  1939. .      1.000.00 

Accrued  Interest 22.50         1.164.85 

Midwinter  Convention  Fund — Cash 135.89 

Total  Funds 9.967.68 

Dues    Paid    in    Advance — International    Electrotecunical 
Commission.  London,  England 250.00 

ToUl 1610.633.80 
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ELECTRICAL  ENGINEERS. 
April  30,  1919. 

Liabilities 
Current  Liabilitibs: 

Accounts  Payable — Subject  to  Approval  by  the  Finance  Com- 
mittee    I     6.362.87 

Due  United  Engineering  Society.  Account  Building  Addition, 

Including  Accrued  Interest 7.625.76 

Dues  Received  in  Advance 2.805.45 

Entrance  Pees  and  Dues  Advanced  by  Applicants  for  Member- 
ship   455.50 

Total  Current  Liabilities. .  ^ 

PUND   RSSBRVBS: 

Life  Membership  Pund I     5.340.75 

International  Electrical  Congress  of  St.  Louis — Library  Pund. . . .  3,326.19 

Mailloux  Pund 1.164.85 

Midwinter  Convention  Pund 135.89 

Total  Pund  Reserves 

Surplus:     Per  Exhibit  "B" 
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I  17,249.57 


9.967.68 
583.416.55 


Total. 


1610.633 
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AMERICAN  INSTITUTE  OP  ELECTRICAL  ENGINEERS 

Statement  of  Income  and  Profit  and  Loss. 

For  the  Year  Ended  April  30,  1919. 
Exhibit  B. 

Rxvbnub: 

Entrance  Pees $    7.225.00 

Dues 102.908.43 

Students  Dues 4,044.00 

Transfer  Pees 1.060.00 

Advertising 10.641.33 

Subscriptions 3.144.03 

Sales  of  "Transactions,"  etc 2.054.80 

Badges  Sold 13.285.75 

Less  Cost 2.387.83  897.92 

Interest  on  Investments 1.089.61 

Interest  on  Bank  Balances 936.40 

Exchange 41.91 

ToUl 1134.944.32 

BXPBNSBS: 

Meetings  and  Papers  Committee: 

Salaries I    5.940.00 

Binding  and  Mailing  "Proceedings" 5.887.20 

Printing  "Proceedings" .' 8.947.43 

Engraving  "Proceedings" 2.549.13 

Paper  and  Cover  Paper 8.342.44 

Envelopes 882.18 

Stationery  and  Miscellaneous  Printing 378.53 

General  Expense 348.03 

Meetings 6.115.33 

Total $  39.390.27 

Editing  Committbb: 

Volume  No.  34 $         56.19 

Volume  No.  35 48.63 

Volume  No.  36 4.721.88 

Volume  No.  37 7.062.51 

ToUl $  11.889.21 

Add  Decrease  in  Inventory: 

April  30.  1918 114.049.00 

April  30.  1919 12.599.00  1.450.00     13.339.21 

ExBCUTiVB  Dbpartmbnt: 

Salaries I  19,805.00 

General  Expense 2.097.24 

Express 371.17 

Postage 2.479.30 

Advertising ^ 3.371.90 

Stationery  and  Miscellaneous  Printing 4.019.83 

Year  Book  and  Catalogue 4.597.61 

ToUl 36.742.05 

Forward I  89.471.53 

Total  Rbvbnub— (Forward) 1134,944.82 
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12.706.08 


12,633^ 


Total  Rsvbnub— (Forward) 1184,044.82 

BXFBMSBS— (Forward) $  89,471.58 

Sections  Ckmunittee: 

Sactioaa  Meeting $    6,230.07 

Branch  Meetings 81.11 

Delegates  O>nvention  Expense 3,286.44 

Salaries,  New  York  Office 2,340.00 

Stationery  and  Printing,  New  York  Office 768.46 

Total 

United  Engineering  Society: 

Assessment $    4^00.00 

Library  0>mmittee 4,000.(X) 

Engineering  C^ouncal 3,733.36 

Total 

General: 

Membership  Coounittee $    1,647.34 

Finance  Committee 150.00 

Standards  Committee 1.005.40 

Code  C>>mmittee 30.00 

American  Engineering  Standards  Committee 600.00 

(Committee  on  Institute  Development 71.00 

Annual  Dues — International  Electrotechnical  Commission . . .  250.00 

President's  Special  Appropriation 331.72 

Honorary  Secretary 4,000.00 

John  Frits  Medal  Award 55.80 

European  Standards  Committees — Conferences 1,500.00 

Interest  on  United  Engineering  Society  Building  Addition 

Loan 556.05 

Miscellaneous  Printing 252.73 

Membership  Classification 771.75 

Amortisation  of  Premium  on  City  of  Wilmington,  Delaware, 

4>i%  Bondsof  1034.  ^ 52.14     11,275.01 

Total 1125.085.08 

Add: 

Increase  in  Accounts  Payable — Subject  to  Approval  by  the 
Finance  Conmiittee,  Expenses  Undistributed  at: 

May  1,1018 I    6,304.01 

April  30,  1010 6,362.87  58.86 

Total  Expenses 1126,044.84 

NbtRbvbnus I    8.800.48 

PROFrr  AND  Loss  Crbdits: 

Proceeds  from  Sale  of  Old  Electrotypes I       440.30 

Refund  of  Payment  to  Pan  American  Engineering  Society 15.00 

Total 455.30 

Gross  Surplus  for  thb  Ybar |    0,354.78 

Profit  and  Loss  Charges: 

Uncollectible  Dues  Written  Off. I     1,085.00 

Dues  of  Members  in  Military  Service  and  in  Countries  Affected 

by  the  War,  Written  Off 1.685.50 

Provision  for  Depreciation  of  Furniture  and  Fixtures 1,480.35 

Adjustment  of  Inventory  of  April  30.  1018.  of  Library  Volumes 

and  Fixtures 184.00 

Total 5,343.85 

Net  Surplus  for  thb  Ybar I    4,010.03 

Surplus,  May  1, 1018 

Surplus,  April  30. 1010 1583.416.55 


570.405.62 
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AMERICAN  INSTITUTE  OF  ELECTRICAL  ENGINEERS 

Statement  of  Cash  Rbcbipts  and  Disbursbmbnts  for  Dbsignatbd 
PuRPOSBS,  FOR  THB  Ybar  Endbd  Afril  30,  1919. 

Exhibit  C. 


« 

Life  Membenhip  Fund 1216.68 

International  Electrical  Congreas  of  St.  Louii  Library  Fund — Interest 

and  Royalties 94.50 

Mailloux  Fund— Interest 46.00 

Midwinter  Convention  Fund — Interest 6.54 


Total 1362.72 


DnBURSBMBNTS: 

Life  Membership  Fund 216.68 

Midwinter  Convention  Fund 34  23 

Maillottx  Fund 70.00 

Inteniational  Electrical  Congress,  San  Francisco.  1915— refund  of  sub- 
scriptions    40.50 


Totri 1361.41 


RECEIPTS  AND  DISBURSEMENTS  PER  MEMBER. 
During  each  fiscal  year  for  the  past  eight  years. 

Year  ending  April  30 1911       1913       1914       1919       1919       191T       1919      1919 

Membership,  April  30,  each 
year 7459      7654      7876      8054      8212      8710      9882     10^ 

Receipts  per  Member S13.19  113.45  114.08  114.06  113.62  113.30  113.17     13.05 

Disbursements  per  Member  12.44    15.57     12.86     13.54    13.74     12.75     11.99     12.79 

Credit  Balance  per  Member    S  .75  *|2.12    S1.22    S  .52  *$  .12    |  .55    11.18  1    .26 
•Deficit. 


Respectfully  submitted  for  the  Board  of  Directors, 

F.  L.  HUTCHINSON,  Secretary. 
New  York,  May  16.  1919. 


NOTE:     For  complete  topical  and  synoptical  index  see  end  of  volume 
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2.     GENERAL  THEORY 

THE  GENERAL  BQUATIONS  OP  THE  ELECTRIC  CIRCUIT— m. 
VARIATION  OP  CONSTANTS,  t,  L,  C  AND  g,  AND  ITS  EFFECTS 

C.  P.  Steinmetz  Vol.  zzzTiu— 1919,  pp.  191-S60 

In  the  usual  theory  of  transients  the  assumption  is  made,  that  re- 
sistance, inductance,  capacity  and  conductance  are  constant.  This 
however,  is  not  correct,  and  as  the  result  thereof,  it  was  not  possible  to 
theoretically  investigate,  and  numerically  calculate-  the  dissipation  of 
high-frequency  disturbances,  the  flattening  of  the  wave  fronts  of  impulses, 
the  rounding  off  of  steep  waves,  etc.,  with  the  time  and  the  distance  of 
travel,  and  therefrom  to  determine  the  distance,  to  which  the  danger 
from  such  disturbances  extends,  and  to  investigate  the  conditions  of  line 
construction,  which  limit  the  danger  zone  of  such  phenomena  to  the 
smallest  local  extent. 

In  the  following,  two  of  the  foremost  causes  of  change  of  the  line 
constants  with  the  equivalent  frequency  are  investigated,  the  unequal 
current  distribution  in  the  conductor,  and  the  electric  radiation  from  the 
conductor. 

Equations  of  the  line  constants  as  function  of  the  equivalent  frequency 
are  derived,  and  applications  thereof  made  to  a  few  problems. 

It  is  shown  that  in  high-frequency  conduction  the  section  of  the  con- 
ductor is  of  little  importance,  but  the  circumference  is  the  determining 
factor,  except  at  very  high  frequencies,  where  si2e,  shape,  and  material — 
within  certain  limits —  becomes  of  secondary  importance. 

The  conditions,  which  cause  a  flattening  of  steep  wave  fronts  and  im- 
pulses, and  a  rounding  of  irregular  waves,  are  investigated. 

For  convenience,  the  theoretical  part  has  been  separated  and  placed 
in  an  appendix,  giving  in  the  text  the  discussion,  with  numerous  tables 
derived  from  the  theoretical  equations,  and  curves  illustrating  these 
tables. 

Discussion  incorporated  with  that  of  paper  by  H.  S.  Osborne  on 
"Review  of  Work  of  Sub-Committee  on  Wave  Shape  Standard  of  the 
Standards  Committee.** 

THEORY  OF  THE  TRANSIENT  OSCILLATIONS  OF  ELECTRICAL  NETWORKS 

AND  TRANSMISSION  SYSTEMS 

J.  R.  Carson  Vol.  zzzyiii~1919,  pp.  846-487 

The  purpose  of  this  research  was  to  make  a  broad  theoretical  study 
of  transient  phenomena  with  a  view  to  developing  methods  of  calculation 
directly  applicable  to  engineering  problems.  The  investigation  starts 
with  the  problem  of  formulating  the  current  in  an  electrical  network  or 
transmission  system  in  response  to  a  suddenly  applied  e.  m.  f,  of  arbitrary 


4  SYNOPTICAL  INDEX 

form.  A  simple  formula  is  derived  which  expresses  this  current  in  terms 
of  two  independent  functions:  one,  the  applied  e.  m.  f.  expressed  as  a 
time  function,  and  the  other  a  characteristic  function  of  the  constants 
and  connections  of  the  system,  this  latter  being  termed  the  "indicia! 
admittance"  of  the  system.  A  systematic  investigation  of  methods  for 
solving  and  computing  the  indicial  admittance  follows,  in  the  course  of 
which  original  solutions  for  transmission  and  artificial  lines  are  derived 
and  a  new  method  involving  integral  equations  is  developed. 

Discussion  incorporated  with  that  of  paper  by  W.  W.  Crawford  on 

'Telephone  Circuits  with  Zero  Mutual  Induction." 

t 

ORDER    AND    AMPLITTJDB    OF    HARMONICS    IN    VOLTAGE    WAVE    FORMS 

WITH  INDICATING  INSTRUMENTS 
LeaUe  F.  Curtis  Vol.  zxzyiii— 1»1»,  pp.  llTt-lltO 

The  author  presents  a  method  for  the  determination  of  the  order  and 
percentage  of  the  various  components  of  an  alternating  wave  of  e.  m.  f., 
using  indicating  meters  and  other  inexpensive  apparatus. 

Two  examples  are  given.  Oscillograms  are  included  to  show  interest- 
ing phenomena  and  to  check  the  results  of  the  calculations. 

The  value  of  so-called  standards  for  the  indication  of  wave  form  is 
questioned. 

Discussion,  pages  1191-1198,  by  Messrs.  N.  S.  Diamant,  J.  C.  Albert, 
D.  J.  Cone,  H.  A.  Barre  and  L.  F.  Curtis. 

A  general  discussion  on  determination  of  harmonics. 

PREDETERMINATION  OF  SYNCHRONOUS  PHASE-MODIFIER  PERFORMANCE 
Hubert  V.  Carpenter  Vol.  xxxviU— 1»1»,  pp.  lSS8-ltl» 

The  author  reviews  the  method  for  showing  the  behavior  of  trans* 
mission  lines  first  given  by  Perrine  and  Baum  and  then  shows  how  it 
can  be  used  in  determining  the  effect  of  the  use  of  a  synchronous  motor 
operating  without  load  for  improving  the  power  factor. 

The  diagram  given  shows  both  the  improvement  in  voltage  regulation 
and  the  change  in  power  factor  due  to  the  phase-modifier  for  any  assumed 
condition  of  loading  for  the  transmission  line. 

The  errors  of  the  method  are  discussed  with  methods  for  determining 
their  magnitude,  and  the  advantages  of  the  graphical  treatment  pointed 
out. 

Discussion,  pages  1230-1235,  by  Messrs.  H.  B.  Dwight,  M.  O.  Bosler, 
J.  A.  Lighthipc,  P.  M.  Downing,  J.  H.  Anderton,  L.  F.  Curtis,  J.  F. 
Wilson  and  H.  L.  Melvin. 

Discussion  of  various  methods  of  determination  including  use  of  circle 
diagram. 

A  REPORT  ON  ELECTROMAGNETIC  INDUCTION 
S.  J.  Barnett  Vol.  zxxyiii— 1919,  pp.  1495-161t 

This  report  discusses  briefly  the  chief  fundamental  results  obtained 
from  the  days  of  Faraday  to  the  present  time  in  studying  the  electro- 
motive forces  ordinarily  referred  to  the  domain  of  electromagnetic 
induction. 
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Self-induction  is  first  taken  up. 

The  motional  electromotive  force,  developed  when  matter  movse 
in  a  magnetic  field,  is  next  considered  and  is  derived  from  Ampere's  law 
on  the  electron  theory. 

The  induced  electromotive  force  in  fixed  conductors  and  insulators 
arising  from  the  motion  or  alteration  of  other  systems  is  next  considered. 

The  report  closes  with  a  treatment  of  unipolar  induction  in  both  so- 
called  open  and  closed  circuits,  including  brief  descriptions  of  some  of  the 
principal  experiments,  a  discussion  of  the  theories  involved,  and  their 
application  to  the  unipolar  generator. 

No  discussion  of  this  paper. 

SOME  NEW  FORMULAS  FOR  REACTANCE  COILS 
H.  B.  Dwight  Vol.  xxzyiu— 1919,  pp.  1676-169f 

Formulas  are  presented  and  derived,  which  have  not  been  previously 
published,  for  mutual  inductance  of  coils  with  parallel  axes,  repulsion  of 
coils  with  parallel  axes,  and  self -inductance  of  long  cylindrical  coils. 

These  formulas  apply  to  practically  all  cases  of  reactance  coils  in 
common  use.  They  are  very  convergent  and  accurate,  and  will  give 
results  to  a  given  degree  of  accuracy    with  a  minimum  amount  of  labor. 

Sets  of  curves  are  given  from  which  approximate  readings  may  be  taken. 

No  discussion. 

INHERENT    LIMITATIONS    ON    TRANSFORMATIONS    POSSIBLE    BY 

STATIONARY  APPARATUS 

Joseph  Slepian  Vol.  zxzyui~1919,  pp.  1697-1711 

Expressions  for  electrostatic  and  electromagnetic  energies,  Joulian 
heat  dissipation  and  power  are  given  in  complex  quantities.  The  pure 
imaginary  part  of  the  expression  for  power  in  a  static  network  is  shown  to 
be  equal  to  2  CO  times  the  difference  between  the  mean  electromagnetic 
energy  and  mean  electrostatic  energy.  Use  is  made  of  this  new  principle 
in  considering  the  problems  of  power-factor  correction  and  phase  splitting. 
It  is  shown  that  in  general  for  phase  transforming  by  static  apparatus 
both  magnetic  and  electrostatic  storage  of  energy  are  necessary,  and  it 
is  shown  how  the  minimum  amounts  of  each  are  determined  by  the  load. 

The  symmetry  of  the  coefficients  in  the  general  equations  for  the 
steady  state  in  a  static  network  is  demonstrated,  and  it  is  shown  that 
limitations  upon  voltage  and  current  transformations  follow.  The  voltage 
regulation  of  any  phase-splitting  arrangement  is  considered. 

No  discussion. 

STARTING  CONDITIONS  OF  SYNCHRONOUS  MACHINES 
A.  Hay  and  F.  N.  MowdawaUa  Vol.  zzxviii— 1919,  pp.  1718-1766 

A  detailed  study  of  the  behavior  of  the  synchronous  motor  during 
what  has  always  been   regarded   as  a  critical  period — viz.   the  period 
when  the  motor  is  being  accelerated  from  rest  to  synchronous  speed. 
Discussion,  pages  1756-1757,  by  Q.  Graham. 
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3.      UNITS    MEASUREMENTS    AND    INSTRUMENTS 

THE  ABSOLUTE  MEASUREMENT  OP  THE  INTENSITY  OP  SOUND 
Arthur  G.  Webster  VoL  zzzrtii— 1»1»,  pp.  TOl-TU 

This  paper  includes  a  description  of  a  series  of  acoustical  researches 
extending  over  a  period  of  twenty-eight  years.  The  properties  of  vibrat- 
ing bodies  and  the  subject  of  elastic  hysteresis  are  discussed.  Two 
fundamentally  important  instruments  for  the  absolute  measurement  of 
sound  have  been  developed  and  the  theory  given.  The  first  is  the 
standard  of  sound,  called  the  phone,  which  is  capable  of  reproducing  at 
any  time  a  sound  of  the  simplest  character  and  which  permits  the  output 
of  sound  to  be  measured  in  watts  of  energy.  The  second  is  an  instru- 
ment called  the  phonometer  for  measuring  a  sound  in  absolul^e  measure. 
This  instrument  is  now  practically  as  sensitive  as  the  human  ear.  The 
determination  of  the  space  distribution  of  sound  and  of  the  effect  of 
disturbing  bodies,  and  the  measurement  of  the  reflecting  coeJQ&cient  of 
surfaces  have  been  accomplished.  The  phonotrope  is  a  third  instrument 
^<isigned  and  used  to  find  the  direction  of  a  source  of  sound,  for  example 
a  fog  signal. 

Discussion^  (including  that  of  paper  by  A.  E.  Kennelly  and  H. 
Nukiyama),  pages  713-723,  by  Messrs.  J.  B.  Taylor,  T.  E.  Shea,  B.  A. 
Behrend,  R.  L.  Jones,  A.  G.  Webster,  H.  S.  Osborne,  A.  Press  and  A.  E. 
Kennelly. 

A  general  discussion  including  the  algebraic  theory  of  the  receiver  and 
the  application  of  the  circle  diagram. 

UTILIZING  THE  TIME  CHARACTERISTICS  OP  ALTERNATING  CURRENT 
Henry  E.  Warren  Vol.  zzzviii— 1919,  pp.  TfT-Tfl 

By  the  invention  of  a  very  small,  simple  and  reliable  self-starting 
synchronous  motor,  in  conjunction  with  convenient  means  for  regulating 
the  average  frequency  of  an  alternating  circuit,  there  has  been  developed 
a  new  field  of  usefulness  for  electric  power.  It  is  now  feasible  to  drive  all 
kinds  of  timing  devices  such  as  clocks,  graphic  instrument  movements, 
time  recorders,  etc.,  directly  from  the  lighting  circuits.  Remarkable 
accuracy  is  obtained,  and  the  amount  of  care  is  minimized  by  the  elimina- 
tion of  winding  and  regulating. 

No  discussion. 

THE  DIELECTRIC  FIELD  IN  AN  ELECTRIC  POWER  CABLE 
R.  W.  Atkinson  Vol.  zxxviil— l»l»,pp.  tTl-lOlf 

The  data  given  pertain  particularly  to  the  field  of  three-conductor 
three-phase  cables  when  supplied  with  three-phase  voltage,  and  are 
primarily  the  solution  by  physical  measurements  of  some  of  the  geometric 
problems  of  the  three-conductor  three-phase  cable. 

Data  are  given  so  that  it  is  possible,  from  electrical  measurements  on 
three-conductor  cable,  to  determine  certain  specific  quantities  as  per- 
mittivity, resistivity,  etc.  of  the  dielectric  of  three-conductor  cables  in 
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the  same  way  as  can  readily  be  done  for  single-conductor  cables,  from 
geometric  considerations. 

Also,  there  is  shown  the  potential  and  stress  distribution  in  a  three- 
conductor  cable. 

Discussion  (including  that  of  paper  by  W.  S.  Clark  and  G.  B.  Shanklin), 
pages  1017-1036,  by  Messrs.  H.  W.  Fisher,  C.  W.  Davis,  W.  A.  Del  Mar, 
D.  W.  Roper,  P.  Torchio,  H.  L.  Wallau,  W.  R.  Atkinson,  E.  B.  Meyer 
and  G.  B.  Shanklin. 

A  general  discussion  with  particular  emphasis  on  comparison  of  stresses 
in  various  types  of  cables. 

ORDER  AND  AMPLITUDE  OP  HARMONICS  IN  VOLTAGE  WAVE  FORMS  WITH 

INDICATING  INSTRUBfENTS 

LesUe  P.  Curtis  Vol.  zxxviU— 1919,  pp.  1179-1190 

The  author  presents  a  method  for  the  determination  of  the  order  and 
percentage  of  the  various  components  of  an  alternating  wave  of  e.  m.  f., 
using  indicating  meters  and  other  inexpensive  apparatus. 

Two  examples  are  given.  Oscillograms  are  included  to  show  interest- 
ing phenomena  and  to  check  the  results  of  the  calculations. 

The  value  of  so-called  standards  for  the  indication  of  wave  form  is 
questioned. 

Discussion,  pages  1191-1198,  by  Messrs.  N.  S.  Diamant,  J.  C.  Albert, 
D.  J.  Cone,  H.  A.  Barre  and  L.  F.  Curtis. 

A  general  discussion  on  determination  of  harmonics. 

4.    INSULATION  AND  DIELECTRIC  PHENOMENA 

IONIZATION  OP  OCCLUDED  GASES  IN  HIGH-TENSION  INSULATION 
G.  B.  Shanklin  and  J.  J.  Matron  VoL  zxzrrUi— 1»1»,  pp.  a9-Uf 

This  paper  deals  with  the  ionization  of  occluded  gases  in  solid  insulation 
from  the  standpoint  that  these  gas  spaces  are  the  weakest  part  of  an 
insulation  design  and  should  receive  first  consideration.  The  stress  at 
which  ionization  starts  in  different  types  of  built-up  insulation,  such  as 
used  in  cables  and  coils,  is  measured  and  from  these  measurements  a 
safe  working  stress  determined. 

Discussion  incorporated  with  that  of  paper  by  F.  Dubsky  on  "The 
Dielectric  Strength  of  Air  Films  Entrapped  in  Solid  Insulation  and  A 
Practical  Application  to  the  Problem  for  Alternator  Coils  and  Cables." 

THE  DIELECTRIC  STRENGTH  OF  AIR  FILMS  ENTRAPPED  IN  SOLID 

INSULATION  AND  A  PRACTICAL  APPLICATION  OF  THE  PROBLEM 

FOR  ALTERNATOR  COILS  AND  CABLES 

F.  Dubsky  Vol.  zzxviU— 1919,  pp.  StT-SM 

An  experimental  investigation  of  the  strength  of  air  films  of  various 
thicknesses  between  glass  plates.  In  the  arrangement  used,  the  break- 
down of  the  air  or  the  starting  point  of  corona  could  be  readily  observed. 
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Tests  were  also  made  of  the  dielectric  strength  of  air  films  between  other 
solid  insulations. 

It  was  found  that  the  dielectric  strength  of  air  films  between  insula- 
tions was  practically  the  same  as  the  dielectric  strength  of  air  films 
between  conductors. 

The  second  part  of  the  paper  is  devoted  to  the  practical  application  of 
the  data  to  the  design  of  armature  coils  and  cables,  and  several  specific 
examples  are  given. 

Discussion  (including  that  of  paper  by  G.B.  Shanklin  and  J.  J.  Matson), 
pages  559-575,  by  Messrs.  H.  G.  Reist,  L.  W.  Chubb,  J.  B.  Whitehead, 

C.  A.  Adams,  W.  J.  Foster,  H.  W.  Fisher,  R.  E.  Argersinger,  C.  F.  Hard- 
ing, R.  W.  Atkinson,  D.  Du  Bois,  F.  W.  Peek,  Jr.,  E.  E.  F.  Creighton, 
J.  J.  Matson,  W.  I.  Middleton,  E.  W.  Davis  and  F.  Dubsky. 

A  general  discussion. 

HIGH-TENSION  SINGLE-CONDUCTOR  CABLE  FOR  POLYPHASE  SYSTEMS 
W.  8.  Clark  and  G.  B.  Shanklin  Vol.  zzxriii— 1»1»,  pp.  tlT-tet 

In  this  paper  the  dielectric,  inductive  and  general  line  characteristics 
of  three-conductor  and  single-conductor  cable  are  compared.  The 
advantages  and  disadvantages  of  each  type  of  cable  are  brought  out  in  a 
way  that  will  aid  in  deciding  the  merits  of  individual  problems. 

Discussion  incorporated  with  that  of  paper  by  R.  W.  Atkinson  on 
"The  Dielectric  Field  in  an  Electric  Power  Cable." 

T^  DIELECTRIC  FIELD  IN  AN  ELECTRIC  POWER  CABLE 
R.  W.  Atkinson  Vol.  xzzriU— 1»1»,  pp.  tTl-lOie 

The  data  given  pertain  particularly  to  the  field  of  three-conductor 
three-phase  cables  when  supplied  with  three-phase  voltage,  and  are 
primarily  the  solution  by  physical  measurements  of  some  of  the  geometric 
problems  of  the  three-conductor  three-phase  cable. 

Data  are  given  so  that  it  is  possible,  from  electrical  measurements  on 
three-conductor  cable,  to  determine  certain  specific  quantities  as  per- 
mittivity, resistivity,  etc.  of  the  dielectric  of  three-conductor  cables  in 
the  same  way  as  can  readily  be  done  for  single-conductor  cables,  from 
geometric  considerations. 

Also,  there  is  shown  the  potential  and  stress  distribution  in  a  three- 
conductor  cable. 

Discussion  (including  that  of  paper  by  W.  S.  Clark  and  G.  B.  Shanklin), 
pages  1017-1036,  by  Messrs.  H.  W.  Fisher,  C.  W.  Davis,  W.  A.  Del  Mar, 

D.  W.  Roper,  P.  Torchio,  H.  L.  Wallau,  W.  R.  Atkinson,  E.  B.  Meyer 
and  G.  B.  Shankin. 

A  general  discussion  with  particular  emphasis  on  comparison  of  stresses 
in  various  types  of  cables. 

THE  EFFECT  OF  TRANSIENT  VOLTAGES  ON  DIELECTRICS— H 

The  Effect  of  Li^tning  Voltages  on  Arrester  Gaps,  Insulators  and  Bushings  on 

Transmission  Lines 
F.  W.  Peek,  Jr.  Vol.  znviii— 1919,  pp.  1187-1164 

This  paper  treats  of  some  of  the  practical  applications  resulting  from 
an  investigation  of  the  effect  of  lightning  voltages  on  insulators,  bushings 
and  protective  gaps. 
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The  relative  protective  values  of  various  gaps  for  steep  and  slanting 
wave  fronts  and  high  frequency  are  shown  graphically  in  Figs.  14,  15, 
16  and  17. 

Data  are  given  on  the  steepness  of  lightning  waves  actually  occurring 
on  transmission  lines  in  practise. 

Discussion,  pages  1165-1177,  by  Messrs.  W.  A.  Del  Mar,  F.  W.  Peek, 
Jr.  and  C.  T.  Allcutt. 

A  general  discussion. 

THEORY   OF   PROBABILITIES   APPLIED   TO   FAILURES   OF   SUSPENSION 

INSULATORS 
L.  M.  KlAuber  Vol.  zzxWu~l»19,  pp.  lltt-lSlS 

There  are  a  wide  variety  of  operating  conditions  which  affect  the 
amount  of  over-insulation  required,  and  after  having  found  the  minimum 
number  of  insulators  per  string  required  for  any  given  operating  condi- 
tions the  author  points  out  a  method  of  determining  the  amount  of  extra 
insulation  desirable  from  an  insurance  standpoint  according  to  the  law 
of  probabilities.  Equations  are  developed  from  which  the  probability 
of  failure  for  any  given  case  or  the  ratio  between  such  probabilities  for 
any  pair  of  cases  may  be  determined  directly.  A  numerical  example  is 
also  given  which  shows  the  development  of  the  theory  of  minimum  annual 
cost  for  combined  mechanical  and  electrical  failures. 

Discussion,  pages  1213-1222,  by  Messrs.  W.  D.  Peaslee,  C.  O.  Poole, 
J.  A.  Lighthipe,  J.  H.  Andcrton,  H.  A.  Barre,  J.  B.  Fisken,  R.  W.  Shoe- 
maker, E.  F.  Scattergood,  L.  C.  Williams  and  L.  M.  Klauber. 

A  general  discussion  on  the  practicability  of  the  method  described. 

6.  ELECTRIC  CONDUCTORS 

THE  GENERAL  EQUATIONS  OF  THE  ELECTRIC  CIRCUIT— m 

VARIATION  OF  CONSTANTS,  r,  L,  C  AND  g,  AND  ITS  EFFECTS 

C.  P.  Steinmetz  Vol.  xxxviU— 1919,  pp.  191-S60 

In  the  usual  theory  of  transients  the  assumption  is  made,  that  re- 
sistance, inductance,  capacity  and  conductance  are  constant.  This 
however,  is  not  correct,  and  as  the  result  thereof,  it  was  not  possible  to 
theoretically  investigate,  and  numerically  calculate  the  dissipation  of 
high-frequency  disturbances,  the  flattening  of  the  wave  fronts  of  impulses, 
the  rounding  off  of  steep  waves,  etc.,  with  the  time  and  the  distance  of 
travel,  and  therefrom  to  determine  the  distance,  to  which  the  danger 
from  such  disturbances  extends,  and  to  investigate  the  conditions  of  line 
construction,  which  limit  the  danger  zone  of  such  phenomena  to  the 
smallest  local  extent. 

In  the  following,  two  of  the  foremost  causes  of  change  of  the  line 
constants  with  the  equivalent  frequency  are  investigated,  the  unequal 
current  distribution  in  the  conductor,  and  the  electric  radiation  from  the 
conductor. 

Equations  of  the  line  constants  as  function  of  the  equivalent  frequency 
are  derived,  and  applications  thereof  made  to  a  few  problems. 
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It  is  shown  that  in  high-frequency  conduction  the  section  of  the  con- 
ductor is  of  little  importance,  but  the  circumference  is  the  determining 
factor,  except  at  very  high  frequencies,  where  size,  shape,  and  material — 
within  certain  limits — becomes  of  secondary  importance. 

The  conditions,  which  cause  a  flattening  of  steep  wave  fronts  and  im- 
pulses, and  a  rounding  of  irregular  waves,  are  investigated. 

For  convenience,  the  theoretical  part  has  been  separated  and  placed 
in  an  appendix,  giving  in  the  text  the  discussion,  with  numerous  tables 
derived  from  the  theoretical  equations,  and  curves  illustrating  these 
tables. 

Discussion  incorporated  with  that  of  paper  by  H.  S.  Osborne  on 
"Review  of  Work  of  Sub-Committee  on  Wave  Shape  Standard  of  the 
Standards  Committee." 

HIGH-TENSION    SINGLE-CONDUCTOR    CABLE    FOR    POLTPHASE    SYSTEMS 
W.  S.  Clark  and  G.  B.  Shanklin  Vol.  xzzviU— 1919,  pp.  917-9M 

In  this  paper  the  dielectric,  inductive  and  general  line  characteristics 
of  three-conductor  and  single-conductor  cable  are  compared.  The 
advantages  and  disadvantages  of  each  type  of  cable  are  brought  out  in  a 
way  that  will  aid  in  deciding  the  merits  of  individual  problems. 

Discussion  incorporated  with  that  of  paper  by  R.  W.  Atkinson  on 
"The  Dielectric  Field  in  an  Electric  Power  Cable." 

THE  DIELECTRIC  FIELD  IN  AN  ELECTRIC  POWER  CABLE 
R.  W.  Atldnaon  Vol.  xzzriii— 1919,  pp.  9T1-1019 

The  data  given  pertain  particularly  to  the  field  of  three-conductor 
three-phase  cables  when  supplied  with  three-phase  voltage,  and  are 
primarily  the  solution  by  physical  measurements  of  some  of  the  geometric 
problems  of  the  three-conductor  three-phase  cable. 

Data  are  given  so  that  it  is  possible,  from  electrical  measurements  on 
three-conductor  cable,  to  determine  certain  specific  quantities  as  per- 
mittivity, resistivity,  etc.  of  the  dielectric  of  three-conductor  cables  in 
the  same  way  as  can  readily  be  done  for  single-conductor  cables,  from 
geometric  considerations. 

Also,  there  is  shown  the  potential  and  stress  distribution  in  a  three- 
conductor  cable. 

Discussion  (including  that  of  paper  by  W.  S.  Clark  and  G.  B.  Shanklin), 
pages  1017-1036,  by  Messrs.  H.  W.  Fisher,  C.  W.  Davis,  W.  A.  Del  Mar, 
D.  W.  Roper,  P.  Torchio,  H.  L.  Wallau,  W.  R.  Atkinson,  E.  B.  Meyer 
and  G.  B.  Shanklin. 

A  general  discussion  with  particular  emphasis  on  comparison  of  stresses 
in  various  types  of  cables. 

8.    TRANSFORMERS 

ABNORMAL  VOLTAGES  WITHIN  TRANSFORMERS 
L.  F.  Blome  and  A.  Boyajian  Vol.  xzzviU«-1919,  pp.  6TT-914 

Mathematical  analysis  is  made  of  a  rectangular  wave  impinging  upon 
a  transformer  winding  and  quantitative  values  deduced  of  the  resulting 
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internal  voltage  stresses  in  terms  of  transformer  constants.  It  is  shown 
that  the  conclusions  also  apply  in  part  to  abrupt  impulses  and  approxi- 
mate idea  is  given  of  the  reaction  of  transformer  to  high  frequencies. 
The  difference  between  operating  transformer  with  isolated  and  grounded 
neutral  is  shown.  Energy  losses  are  not  considered  in  the  mathematics 
although  the  manner  in  which  the  results  are  affected  is  pointed  out. 
Finally,  theoretical  results  are  compared  with  impulse  and  high  frequency 
tests  made  in  the  laboratory. 

Discussion,  pages  616-620,  by  Messrs.  H.  R.  Summerhayes,  G.  Faccioli, 
C.  A.  Adams,  J.  F.  Peters,  F.  Dubsky,  F.  W.  Peek,  Jr.,  A.  E.  Kennelly 
and  L.  F.  Blume. 

A  general  discussion. 

9.    ELECTMCAL  MACfflNERY  AND  APPARATUS 

TRANSMISSION  UNE  RSLAT  PROTECTION 

H.  R.  Woodrow,  D.  W.  Roi>er,  O.  C.  Tracer  and  P.  Macgahan 

Vol.  xzzTiii— 1919,  pp.  79«-tl9 


The  Protective  Devices  Committee  made  an  analysis  of  the  trans" 
mission  line  protective  relay  situation  throughout  the  country  and 
prepared  a  summary  of  the  experiences  of  the  operating  companies  with 
this  protective  apparatus.  Questionnaires  were  sent  out  to  sixty-one 
operating  companies  asking  for  their  experience  and  present  practise. 

Replies  were  received  from  32  and  from  these  a  general  analysis  was 
made  of  the  practise  of  relay  protection  for  transmission  lines. 

The  Protective  Devices  Committee  undertook  the  work  of  standard- 
izing the  nomenclature  which  it  is  hoped  will  be  adopted  by  all  parties. 

Discussion  incorporated  with  that  of  paper  by  W.  E.  Richards^on 
"Grounded  Neutral  Transmission  Line." 

PREDETERMINATION  OP  SYNCHRONOUS  PHASE-MODIFIER  PERFORMANCE 
Hubert  V.  Carpenter  Vol.  xxzrUi— 1919,  pp.  lllS-1119 

The  author  reviews  the  method  for  showing  the  behavior  of  trans- 
mission lines  first  given  by  Perrine  and  Baum  and  then  shows  how  it 
can  be  used  in  determining  the  effect  of  the  use  of  a  synchronous  motor 
operating  without  load  for  improving  the  power  factor. 

The  diagram  given  shows  both  the  improvement  in  voltage  regulation 
and  the  change  in  power  factor  due  to  the  phase-modifier  for  any  assumed 
condition  of  loading  for  the  transmission  line. 

The  errors  of  the  method  are  discussed  with  methods  for  determining 
their  magnitude,  and  the  advantages  of  the  graphical  treatment  pointed 
out. 

Discussion,  pages  1230-1235,  by  Messrs.  H.  B.  Dwight,  M.  O.  Bosler, 
J.  A.  Lighthipe,  P.  M.  Downing,  J.  H.  Anderton,  L.  F.  Curtis,  J.  F. 
Wilson  and  H.  L.  Melvin. 

Discussion  of  various  methods  of  determination  including  use  of  circle 
diagram. 
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THE  VACUUM  TUBE  AS  A  GENERATOR  OF  ALTERNATING-CURRENT  POWER 
John  H.  Morecroft  and  H.  Trap  Friis  Vol.  xxzriii— 1919,  pp.  1416-1444 

The  first  part  of  this  article  deals  with  the  operation  of  the  tube  when 
separately  excited,  the  variation  of  power  with  the  amount  of  excitation, 
the  load  impedance,  etc.,  and  also  gives  an  analysis  of  the  forms  and 
phases  of  voltages  and  currents  in  the  different  parts  of  the  circuit. 

The  second  part  deals  with  the  efficiency  of  the  tube  as  a  generator: 
the  action  is  analyzed  in  detail  and  the  conditions  for  maximum  efficiency 
deduced,  the  theoretically  deduced  conclusions  being  substantiated  by 
experimental  data.  Oscillograms  are  given  to  show  the  action  of  the 
tube  under  practically  all  the  conditions  which  are  likely  to  occur. 

Discussion  incorporated  with  that  of  paper  by  A.  M.  Nicolson  on 
"The  Piezo-Electric  Effect  in  the  Composite  Rochelle  Salt  Cyrstal." 

PRESENT     LIMITS     OP     SPEED    AND     POWER    OF    SINGLE-SHAFT      STEAM 

TURBINES 

m 

J.  F.  Johnson  VoL  zxzviii— 1919,  pp.  1616-1BS6 

This  paper  restricted  to  a  discussion  of  some  of  the  factors  which 
influence  limits  as  applying  particularly  to  turbines  of  the  reaction 
type.  With  the  employment  of  high  vacua  the  limit  of  power  will  be 
determined  largely  by  the  area  obtainable  through  the  last  stage. 

Fig.  6  shows  maximum  capacity  at  various  speeds  which  are  physically 
possible  without  exceeding  present  limits  of  stresses.  It  is  valuable 
chiefly  as  showing  the  physical  relation  between  speed  and  capacity  with 
given  limiting  stress  values. 

Discussion  incorporated  with  that  of  paper  by  F.  D.  Newbury  on 
* 'Present  Limits  of  Speed  and  Output  of  Single-Shaft  Turbo  Generators." 

PRESENT    LIMITS    OF    SPEED    AND    POWER    OF    SINGLE-SHAFT     CURTIS 

STEAM  TURBINES 
EtkU  Berg  Vol.  xzznii— 1919,  pp.  1617-1686 

This  paper  starts  by  showing  that  the  limit  of  a  single-unit  turbo 
generator  does  not  lie  in  the  generator  but  is  confined  to  the  steam  tur- 
bine, and  that  the  last  wheel  of  the  turbine  is  the  limiting  feature. 

The  author  therefore  takes  the  last  wheel  of  an  1800-rev.  per  min. 
turbine,  giving  dimension  stresses,  kind  of  material  used  etc.,  and  then 
designs  two  turbines,  one  having  23  stages  and  the  other  13  stages. 

A  5000-kw.,  five-stage,  3600-rev.  per  min.  turbine  load  curve  is  also 
given  and  discussed. 

Discussion  incorporated  with  that  of  paper  by  F.  D.  Newbury  on 
Present  Limits  of  Speed  and  Output  of  Single-Shaft  Turbo  Generators." 


it 


PRESENT    LIMITS    OF    SPEED    AND     OUTPUT    OF    SINGLE-SHAFT      TURBO 

GENERATORS 
F.  D.  Newbury  Vol.  xxzWu— 1919,  pp.  16S7-1646 

Output  is  determined  broadly  by  rotor  or  stator  dimensions.  With 
speeds  of  1200  rev.  per  min.  and  lower,  the  stator  is  the  limiting  member, 
while  with  higher  speeds,  the  rotor  is  the  limiting  member. 
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The  most  effective  rotor  diameter  is  not  necessarily  the  largest  dia- 
meter. To  obtain  maximum  output  at  a  given  speed  the  rotor  propor- 
tions must  be  chosen  to  properly  balance  mechanical  stresses,  rotor 
ampere  turns  and  flux.  American  design  practise  has  established  40iO 
ft.  per  sec.  as  an  upper  limit  of  rotor  peripheral  speed. 

The  maximum  length  of  core  is  determined  by  such  factors  as  ventila- 
tion, bearing  temperatures,  critical  speed  and  limits  to  weight  imposed 
by  forging  and  transportation  facilities. 

No  opinion  is  expressed  as  to  the  wisdom  of  installing  very  large  single- 
It  units. 

Discussion,  (including  that  of  papers  by  J.  t.  Johnson  and  E.  Berg), 
pages  1547-1565,  by  Messrs.  P.  Torchio,  B.  A.  Behrend,  W.  L.  R.  Emmet, 
W.  J.  Foster,  A.  M.  Gray,  R.  B.  Williamson,  F.  Hodgkinson,  B.  G. 
Femald,  C.  A.  Adams,  Farley  Osgood,  E.  Berg  and  F.  D.  Newbury. 

A  general  discussion  of  factors  limiting  capacity  and  reliability  with 
particular  emphasis  on  metal  fatigue  due  to  vibration. 

STARTING  CONDITIONS  OP  SYNCHRONOUS  MACHINBS 
A.  Hay  and  F.  N.  MowdawalU  Vol.  xzrriii— 1919,  pp.  ITIS-ITSS 

A  detailed  study  of  the  behavior  of  the  synchronous  motor  during 
what  has  always  been  regarded  as  a  critical  period — viz,  the  period 
when  the  motor  is  being  accelerated  from  rest  to  synchronous  speed. 

Discussion^  pages  1756-1767,  by  Q.  Graham. 

10.    PRIME    MOVERS    AND    STEAM    BOILERS 

PRESENT  LIMITS  OF  SPEED  AND  POWER  OP  SINGLE-SHAFT  STEAM  TURBINES 
J.  F.  Johnson  Vol.  xzzviii— 1919,  pp.  1516-1BS5 

This  paper  restricted  to  a  discussion  of  some  of  the  factors  which 
influence  limits  as  applying  particularly  to  turbines  of  the  reaction 
type.  With  the  employment  of  high  vacua  the  limit  of  power  will  be 
determined  largely  by  the  area  obtainable  through  the  last  stage. 

Fig.  6  shows  maximum  capacity  at  various  speeds  which  are  physically 
possible  without  exceeding  present  Umits  of  stresses.  It  is  valuable 
chiefly  as  showing  the  physical  relation  between  speed  and  capacity  with 
given  limiting  stress  values. 

Discussion  incorporated  with  that  of  paper  by  F.  D.  Newbury  on 
"Present  Limits  of  Speed  and  Output  of  Single-Shaft  Turbo  Generators." 

PRESENT  LIMITS  OF  SPEED  AND  POWER  OF  SINGLE-SHAFT  CURTIS  STEAM 

TURBINES 
EflkU  Berg  VoL  zzzYiii— 1919,  pp.  1BST-15S6 

This  paper  starts  by  showing  that  the  limit  of  a  single-unit  turbo 
generator  does  not  lie  in  the  generator  but  is  confined  to  the  steam  tur- 
bine, and  that  the  last  wheel  of  the  turbine  is  the  Umiting  feature. 

The  author  therefore  takes  the  last  wheel  of  an  1800-rev.  per  min. 
turbine,  giving  dimension  stresses,  kind  of  material  used  etc.,  and  then 
designs  two  turbines,  one  having  23  stages  and  the  other  13  stages. 
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A  5000-kw.,  five-stage,  3600- rev.  per  min.  turbine  load  curve  is  also 
given  and  discussed. 

Discussion  incorporated  with  that  of  paper  by  P.  D.  Newbury  on 
"Present  Limits  of  Speed  and  Output  of  Single-Shaft  Turbo  Generators." 

PRESENT  LIMITS  OP  SPEED  AND  OUTPUT  OP  SINGLE-SHAPT  TURBO 

GENERATORS 
P.  D.  Newbury  Vol.  zzzrdi— 1919,  pp.  IMT-IMS 

Output  is  determined  broadly  by  rotor  or  stator  dimensions.  With 
speeds  of  1200  rev.  per  mid.  and  lower,  the  stator  is  the  limiting  member, 
while  with  higher  speeds,  the  rotor  is  the  limiting  member. 

The  most  effective  rotor  diameter  is  not  necessarily  the  largest  dia- 
meter. To  obtain  maximum  output  at  a  given  speed  the  rotor  propor- 
tions must  be  chosen  to  properly  balance  mechanical  stresses,  rotor 
ampere  turns  and  flux.  American  design  practise  has  established  400 
ft.  per  sec.  as  an  upper  limit  of  rotor  peripheral  speed. 

The  maximum  length  of  core  is  determined  by  such  factors  as  ventila- 
tion, bearing  temperatures,  critical  speed  and  limits  to  weight  imposed 
by  forging  and  transportation  facilities. 

No  opinion  is  expressed  as  to  the  wisdom  of  installing  very  large  single- 
shaft  units. 

Discussion,  (including  that  of  papers  by  J.  F.  Johnson  and  E.  Berg), 
pages  1547-1565,  by  Messrs.  P.  Torchio,  B.  A.  Behrend,  W.  L.  R.  Emmet, 
W.  J.  Poster,  A.  M.  Gray,  R.  B.  Williamson,  P.  Hodgkinson,  B.  G. 
Fernald,  C.  A.  Adams,  Farley  Osgood,  E.  Berg  and  F.  D.  Newbury. 

A  general  discussion  of  factors  limiting  capacity  and  reliability  with 
particular  emphasis  on  metal  fatigue  due  to  vibration. 

11.    POWER  PLANTS  AND  CENTRAL  STATIONS 

SOME  PROBLEMS  IN   THE  OPERATION   OP  POWER   PLANTS  IN  PARALLEL 
E.  C.  Stone  Vol.  zzxvui— 1919,  pp.  1M1-19T4 

In  order  to  operate  two  power  plants  satisfactorily  in  parallel,  the 
transmission  line  which  ties  them  together  must  have  sufficient  syn- 
chronizing power,  as  well  as  sufficient  carrying  capacity.  The  "syn- 
chronizing power"  of  a  line  depends  upon  its  resistance  and  reactance, 
the  bus  voltages  maintained  at  its  ends,  and  the  maximum  kilovolt- 
amperes  it  must  transmit.  Limiting  values  for  * 'synchronizing  power" 
of  lines  under  various  operating  conditions  are  given. 

The  design  of  a  transmission  line  involves  a  consideration  of  load  to 
be  transmitted,  voltage,  reactance,  resistance,  losses,  and  charging  current 
of  the  line,  and  of  wattless  generating  capacity  at  the  receiving  end  of  the 
line.  The  wattless  generating  capacity  at  the  end  of  the  line  determines 
how  many  kilowatts  will  be  transmitted  for  each  ampere  of  line  current, 
by  fixing  the  power  factor  of  the  load  transmitted  and  the  voltage  at  the 
receiving  end  of  the  line.  When  a  line  is  to  be  designed  for  paralleling 
two  plants,  it  must  have  sufficient  "synchronizing  power"  to  hold  the 
two  plants  together. 

No  discussion. 
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12.    PARALLEL  OPERATION 

SOMB  PROBLEMS  IN   THB   OPBRATION   OP  POWER  PLANTS  IN  PARALLEL 
B.  C.  Stone  Vol.  zzzriU— 1919,  pp.  1M1-19T4 

In  order  to  operate  two  power  plants  satisfactorily  in  parallel,  the 
transmission  line  which  ties  them  together  must  have  suflRcient  syn- 
chronizing power,  as  well  as  sufficient  carrying  capacity.  The  "syn- 
chronizing power''  of  a  line  depends  upon  its  resistance  and  reactance, 
the  bus  voltages  maintained  at  its  ends,  and  the  maximum  kilovolt- 
amperes  it  must  transmit.  Limiting  values  for  "synchronizing  power" 
of  lines  under  various  operating  conditions  are  given. 

The  design  of  a  transmission  line  involves  a  consideration  of  load  to 
be  transmitted,  voltage,  reactance,  resistance,  losses,  and  charging  current 
of  the  line,  and  of  wattless  generating  capacity  at  the  receiving  end  of  the 
line.  The  wattless  generating  capacity  at  the  end  of  the  line  determines 
how  many  kilowatts  will  be  transmitted  for  each  ampere  of  line  current, 
by  fixing  the  power  factor  of  the  load  transmitted  and  the  voltage  at  the 
receiving  end  of  the  line.  When  a  line  is  to  be  designed  for  paralleling 
two  plants,  it  must  have  sufficient  "synchronizing  power"  to  hold  the 
two  plants  together. 

No  discussion. 

13.    TRANSMISSION  LINES 

THEORY  OP   THE  TRANSIENT  OSCILLATIONS    OP  ELECTRICAL   NETWORKS 

AND  TRANSMISSION  SYSTEMS 

J.  R.  Carson  VoL  xxzviii— 1919,  pp.  Mf-4S7 

The  purpose  of  this  research  was  to  make  a  broad  theoretical  study 
of  transient  phenomena  with  a  view  to  developing  methods  of  calculation 
directly  applicable  to  engineering  problems.  The  investigation  starts 
with  the  problem  of  formulating  the  current  in  an  electrical  network  or 
transmission  system  in  response  to  a  suddenly  applied  e.  m.  f .  of  arbitrary 
form.  A  simple  formula  is  derived  which  expresses  this  current  in  terms 
of  two  independent  functions:  one,  the  applied  e.  m.  f.  expressed  as  a 
time  function,  and  the  other  a  characteristic  function  of  the  constants 
and  connections  of  the  system,  this  latter  being  termed  the  "indidal 
admittance"  of  the  system.  A  systematic- investigation  of  methods  for 
solving  and  computing  the  indicial  admittance  follows,  in  the  course  of 
which  original  solutions  for  transmission  and  artificial  lines  are  derived 
and  a  new  method  involving  integral  equations  is  developed. 

Discussion  incorporated  with  that  of  paper  by  W.  W.  Crawford  on 
"Telephone  Circuits  with  Zero  Mutual  Induction." 

HIGH-TENSION    SINGLE-CONDUCTOR    CABLE    FOR    POLYPHASE    SYSTEMS 
W.  S.  Clark  and  G.  B.  ShankUn  Vol.  xxxriii— 1919,  pp.  917-999 

In  this  paper  the  dielectric,  inductive  and  general  line  characteristics 
of    three-conductor    and    single-conductor    cable    are    compared.     The 
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advantages  and  disadvantages  of  each  type  of  cable  are  brought  out  in  a 
way  that  will  aid  in  deciding  the  merits  of  individual  problems. 

Discussion  incorporated  with  that  of  paper  by  R.  W.  Atkinson  on 
"The  Dielectric  Field  in  an  Electric  Power  Cable." 

PROBLEMS  OP  UO-KV.  POWER  TRANSMISSION 
A.  B.  SUver  Vol.  xzxyiU— 1919,  pp.  lOST-llOO 

Two  hundred  and  twenty  kv.  is  suggested  as  a  logical  voltage  for  high 
capacity,  long-distance  transmission,  and  the  important  problem- 
introduced  by  large  concentrations  of  power,  high  voltage  and  high 
service  standards  are  discussed.  The  economic  and  technical  considera- 
tions underlying  design  of  a  220-kv.  system  are  outlined,  and  general 
designs  are  developed  for  a  typical  220-kv.  transmission  line. 

Discussion^  pages  1101-1135,  by  Messrs.  W.  S.  Murray,  W.  M.  Dann, 
P.  Torchio,  S.  W.  Mauger,  R.  M.  Spurck,  J.  C.  Parker,  J.  C.  Clark, 
P.  C.  Hanker,  H.  R.  Summerhayes,  R.  P.  Jackson,  H.  B.  Dwight, 
J.  F.  Peters,  F.  F.  Brand,  C.  F.  Harding,  F.  W.  Peek,  Jr.,  J.  A.  Koontz, 
H.  G.  Mac  Donald,  L.  B.  Chubbuck,  J.  N.  Mahoney,  E.  B.  Meyer, 
C.  E.  Howell,  T.  B.  Parker,  J.  B.  Crane  and  A.  E.  Silver. 

A  general  discussion  of  the  super-power  problem  particularly  with 
reference  to  the  N.  Y.  and  New  England  section. 

THE  EFFECT  OF  TRANSIENT  VOLTAGES  ON  DIELECTRICS— n 

The  Effect  of  Lightning  Voltages  on  Arrester  Gaps,  Insulators  and  Bushings  on 

Transmission  Lines 

F.  W.  Peek,  Jr.  Vol.  zxzriii— 1919,  pp.  1137-1194 

This  paper  treats  of  some  of  the  practical  applications  resulting  from 
an  investigation  of  the  effect  of  lightning  voltages  on  insulators,  bushings 
and  protective  gaps. 

The  relative  protective  values  of  various  gaps  for  steep  and  slanting 
wave  fronts  and  high  frequency  are  shown  graphically  in  Figs.  14,  15, 
16  and  17. 

Data  are  given  on  the  steepness  of  lightning  waves  actually  occurring 
on  transmission  lines  in  practise. 

Discussion,  pages  1165-1177,  by  Messrs.  W.  A.  Del  Mar,  F.  W.  Peek, 
Jr.  and  C.  T.  Allcutt. 

A  general  discussion. 

CALIFORNIA     110,000-VOLT— 1100-MILB— 1.600,000-KW.     TRANSMISSION     BUS 
R.  W.  Sorensen,  H.  H.  Cox  and  G.  E.  Armstrong  Vol.  zzzriii — 1919,  pp.  1SS7-1S48 

This  paper  summarizes  the  power  resources  of  California  and  the 
probable  loads  to  be  supplied  within  the  next  six  or  seven  years.  For 
the  purpose  of  economically  distributing  the  necessary  power  and  supply- 
ing the  load,  a  long  high-voltage  transmission  line  is  proposed.  As 
this  line  would  interconnect  a  number  of  different  companies,  it  assumes 
the  nature  of  a  bus  bar.  The  authors  show  how  the  proposed  line  may 
link  with  some  of  the  lines  now  in  service  and  enumerate  the  advantages 
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of  such  interconnection.  A  comparison  is  made  between  the  240-mile 
Big  Creek  line  now  operating  at  150,000  volts,  60  cycles,  and  the  operation 
of  this  line  at  220,000  volts,  60  cycles.  Operating  data  on  the  Big  Creek 
line  are  shown  to  indicate  the  character  of  the  construction  necessary 
for  California  conditions.  Conclusions  are  drawn  as  to  the  particular 
features  to  be  observed  for  successful  operation  of  220,000-kv.  lines. 

Discussion,  pages  1249-1268,  by  Messrs.  R.  Bennett,  P.  D.  Jennings, 
C.  O.  Poole,  J.  D.  Ross,  L.  F.  Curtis,  J.  B.  Fisken,  H.  A.  Barre,  L.  M. 
Klauber,  J.  A.  Lighthipe,  P.  M.  Downing,  J.  F.  Stevens,  C.  W.  Koiner, 
L.  S.  Ready,  G.  A.  Damon,  L.  J.  Corbett,  H.  H.  Cox  and  G.  E.  Arm- 
strong. 

A  general  discussion  of  the  advantages  and  disadvantages  of  the 
super-power  line. 

14.     ELECTRIC  SERVICE  DISTURBANCES  AND 

PROTECTION 

REVIEW  OF  WORK  OF  SUB-COMMITTEE  ON  WAVE  SHAPE  STANDARD 

OF  THE  STANDARDS  COMMITTEE 

H.  S.  Osborne  Vol.  zxxviy— 1919,  pp.  ISl-lU 

The  paper  gives  a  review  of  the  work  done  during  the  past  three  years 
by  a  sub-committee  of  the  Standards  Committee  of  the  Institute  appointed 
to  make  recommendations  for  changes  in  the  Institute's  rules  regarding 
the  wave  shape  of  alternators.  The  Sub-Committee  last  spring  made 
recommendations  that  for  the  present  the  ten  per  cent  deviation  rule 
should  be  retained  without  change  (except  in  wording),  and  that  trial 
use  should  be  made  of  a  supplementary  wave  shape  factor.  The  new 
factor,  based  on  the  relation  between  voltage  wave  shape  and  interfering 
effect  in  telephone  circuits,  when  power  and  telephone  lines  parallel  each 
other,  is  called  the  ** telephone  interference  factor." 

Discussion  (including  that  of  paper  by  C.  P.  Steinmetz),  pages  289- 
303,  by  Messrs.  C.  F.  Scott,  C.  R.  Underbill,  A.  E.  Kennelly,  C.  P.  Stein- 
metz, J.  B.  Whitehead,  W.  J.  Foster,  J.  B.  Taylor,  J.  J.  Linebaugh, 
E.  E.  F.  Creighton,  L.  W.  Chubb,  C.  A.  Adams,  L.  T.  Robinson,  C.  F. 
Harding  and  H.  S.  Osborne. 

A  general  discussion. 

THEORY   OF   THE   TRANSIENT   OSCILLATIONS   OF  ELECTRICAL  NETWORKS 

AND  TRANSMISSION  SYSTEMS 

J.  R.  Carton  VoL  zxzviii— 1919,  pp.  Mt-itT 

The  purpose  of  this  research  was  to  make  a  broad  theoretical  study 
of  transient  phenomena  with  a  view  to  developing  methods  of  calculation 
directly  applicable  to  engineering  problems.  The  investigation  starts 
with  the  problem  of  formulating  the  current  in  an  electrical  network  or 
transmission  system  in  response  to  a  suddenly  applied  e.  m.  f.  of  arbitrary 
form.  A  simple  formula  is  derived  which  expresses  this  current  in  terms 
of  two  independent  functions:  one,  the  applied  e.  m.  f.  expressed  as  a 
time  function,  and  the  other  a  characteristic  function  of  the  constants 
and  connections  of  the  system,  this  latter  being  termed  the  **indicial 
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admittance"  of  the  system.  A  systematic  investigation  of  methods  for 
solving  and  computing  the  indicial  admittance  follows,  in  the  course  of 
which  original  solutions  for  transmission  and  artificial  lines  are  derived 
and  a  new  methpd  involving  integral  equations  is  developed. 

Discussion  incorporated  with  that  of  paper  by  W.  W.  Crawford  on 
"Telephone  Circuits  with  Zero  Mutual  Induction." 

TBLEPHONB  CXRCUITS  WITH  ZERO  MUTUAL  INDUCTION 
W.  W.  Crawford  VoL  xzziriU— 1919,  pp.  a9-M7 

The  paper  deals  with  the  reduction  of  inductive  interference  in  tele- 
phone circuits. 

Various  relative  positions  of  two  or  more  circuits,  in  which  the  mutual 
inductance  is  zero,  and  the  mutual  capacitance  unbalance  is  approximately 
zero,  are  discussed.  The  most  important  case  is  that  when  the  two  wires 
of  one  circuit  occupy  opposite  ends  of  one  diagonal  of  a  square,  and  the 
other  circuit,  the  ends  of  the  other  diagonal. 

Several  forms  of  construction  embodying  this  arrangement,  and  built 
largely  with  standard  parts,  are  illustrated. 

Calculations  and  tentative  designs  are  presented  to  show  that  the 
use  of  these  forms  of  construction  will  give  greatest  refinement  of  balance 
against  induction  from  power  circuits,  and  possibly  also  against  cross- 
talk, increased  flexibility  in  coordinating  with  the  variations  in  exposure 
to  power  circuits,  a  simplification  of  the  transpositions  system,  fewer 
transposition  poles  and  transpositions,  and  when  desired,  the  realization 
of  a  part  of  these  advantages  with  the  lead  compressed  into  less  than 
the  normal  space. 

The  cost  of  initial  construction  of  the  proposed  forms  and  the  cost 
of  conversion  of  an  existing  lead  to  one  of  the  proposed  forms. 

Discussion  (including  that  of  papers  by  E.  B.  Craft  and  E.  H.  Colpitts, 
and  J.  R.  Carson),  pages  458-488,  by  Messrs.  G.  O.  Squier,  M.  I.  Pupin, 
A.  H.  Cowles,  A.  S.  Dana,  A.  Pinto,  V.  Bush,  J.  H.  Morecroft,  A.  G.  Chap- 
man, H.  S.  Osborne  and  J.  B.  Carson. 

A  general  discussion  including  a  description  of  the  theory  of  function- 
ing of  vacuum  tubes. 

ABNORBftAL  VOLTAGES  WITHIN  TRANSFORMERS 
L.  P.  Blume  and  A.  Boyajian  VoL  xxzriii — 1919,  pp.  177-914 

Mathematical  analysis  is  made  of  a  rectangular  wave  impinging  upon 
a  transformer  winding  and  quantitative  values  deduced  of  the  resulting 
internal  voltage  stresses  in  terms  of  transformer  constants.  It  is  shown 
that  the  conclusions  also  apply  in  part  to  abrupt  impulses  and  approxi- 
mate idea  is  given  of  the  reaction  of  transformer  to  high  frequencies. 
The  difference  between  operating  transformer  with  isolated  and  grounded 
neutral  is  shown.  Energy  losses  are  not  considered  in  the  mathematics 
although  the  manner  in  which  the  results  are  affected  is  pointed  out. 
Finally,  theoretical  results  are  compared  with  impulse  and  high  frequency 
tests  made  in  the  laboratory. 

Discussion^  pages  615-620,  by  Messrs.  H.  R.  Summerhayes,  G.  Facdoli, 
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C.  A.  Adams,  J.  P.  Peters,  P.  Dubsky,  P.  W.  Peek,  Jr.,  A.  E.  Kennelly 
and  L.  P.  Blume. 
A  general  discussion. 

TRANSMISSION  LINB  RBLAT  PROTECTION 

H.  R.  Woodrow,  D.  W.  Roper,  O.  C.  T^arer  and  P.  ICacgahan 

Vol.  xzrriii— 1919,  pp.  T9«-tl9 

The  Protective  Devices  Committee  made  an  analysis  of  the  trans- 
mission line  protective  relay  situation  throughout  the  country  and 
prepared  a  summary  of  the  experiences  of  the  operating  companies  with 
this  protective  apparatus.  Questionnaires  were  sent  out  to  sixty-one 
operating  companies  asking  for  their  experience  and  present  practise. 

Replies  were  received  from  32  and  from  these  a  general  analysis  was 
made  of  the  practise  of  relay  protection  for  transmission  lines. 

The  Protective  Devices  Committee  undertook  the  work  of  standard- 
izing the  nomenclature  which  it  is  hoped  will  be  adopted  by  all  parties. 

Discussion  incorporated  with  that  of  paper  by  W.  E.  Richards  on 
"Grounded  Neutral  Transmission  Line." 

GROUNDING  THE  NEUTRAL  OF  GENERATING  AND  TRANSMISSION  SYSTEMS 
H.  R.  Woodrow  Vol.  xzxviii— 1919,  pp.  81T-8S1 

Pour  different  high-tension  transmission  systems  in  the  New  York 
district  have  been  grounded  at  different  times  during  the  past  four  years, 
all  of  which  are  operating  with  the  grounded  neutral  at  the  present  time. 
These  systems  were  all  grounded  in  a  different  manner  and  the  results 
obtained  from  the  effect  of  grounding  showed  that  the  troubles  have 
been  reduced. 

In  addition  to  the  grounding,  special  ground  relays  have  been  installed 
on  three  of  the  systems  which  disconnected  the  feeder  very  quickly  on 
a  ground  and  the  results  show  that  the  addition  of  this  quick  acting 
relay  further  reduces  the  stresses  on  a  system. 

Discussion  incorporated  with  that  of  paper  by  W.  E.  Richards  on 
** Grounded  Neutral  Transmission  Line." 

GROUNDED  NEUTRAL  TRANSMISSION  UNE 
W.E.Richards  VoL  zzxriii— 1919,  pp.  8U-8S8 

The  paper  describes  the  conditions  on  the  system  in  Toledo  which 
was  originally  delta-connected.  Serious  trouble  was  experienced  when 
a  short  circuit  occurred  especially  with  synchronous  apparatus.  This 
trouble  was  overcome  by  changing  the  transmission  to  a  Y  system  with 
the  neutral  grounded. 

Discussion  (including  that  of  papers  by  Woodrow,  Roper  Traver  and 
Macgahan.  and  Woodrow),  pages  839-869,  by  Messrs.  J.  R.  Craighead, 
J.  A.  Johnson,  A.  H.  Lawton,  E.  E.  P.  Creighton,  H.  T.  Conover,  O.  C. 
Traver,  P.  Torchio,  D.  W.  Roper,  P.  H.  Adams,  R.  N.  Conwell,"A.  W. 
Copley,  C.  P.  Osborne,  P.  M.  Lincoln,  C.  P.  Steinmetz,  E.  T.  Moore, 
N.  L.  Pollard,  R.  P.  Schuchardt,  J.  C.  Parker,  H.  C.  Don  Carlos,  D.  A^ 
McKenzie,  F.  L.  Hunt,  P.  C.  Hanker,  H.  C.  Albrecht,  E.  A.  Hester 
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E.  G.  Merrick,  N.  A.  Carle,  H.  R.  Woodrow,  H.  B.  Vincent,  F.  D.  New- 
bury and  A.  E.  Silver. 

A  general  discussion  of  present  practise. 

THE  EFFECT  OF  TRANSIENT  VOLTAGES  ON  DIELECTRICS— H 

The  Effect  of  Lightning  Voltages  on  Arrester  Gaps,  Insulators  and  Boshings  on 

Transmission  Lines 

F.  W.  Peek,  Jr.  Vol.  xzxriii— 1919.  pp.  1137-1194 

This  paper  treats  of  some  of  the  practical  applications  resulting  from 
an  investigation  of  the  effect jof  lightning  voltages  on  insulator?,  bushings 
and  protective  gaps. 

The  relative  protective  values  of  various  gaps  for  steep  and  slanting 
wave  fronts  and  high  frequency  are  shown  graphically  in  Figs.  14,  15, 
16  and  17. 

Data  are  given  on  the  steepness  of  lightning  waves  actually  occurring 
on  transmission  lines  in  practise. 

Discussion,  pages  1165-1177,  by  Messrs.  W.  A.  Del  Mar,  F.  W.  Peek, 
Jr.  and  C.  T.  Allcutt. 

A  general  discussion. 

THEORY  OF  PROBABILITIES  APPLIED  TO  FAILURES  OF  SUSPENSION 

INSULATORS 

L.  M.  Klauber  VoL  xzrriii— 1919,  pp.  1199-1111 

There  are  a  wide  variety  of  operating  conditions  which  affect  the 
amount  of  over-insulation  required,  and  after  having  found  the  minimum 
number  of  insulators  per  string  required  for  any  given  operating  condi- 
tions the  author  points  out  a  method  of  determining  the  amount  of  extra 
insulation  desirable  from  an  insurance  standpoint  according  to  the  law 
of  probabilities.  Equations  are  developed  from  which  the  probability 
of  failure  for  any  given  case  or  the  ratio  between  such  probabilities  for 
any  pair  of  cases  may  be  determined  directly.  A  numerical  example  is 
also  given  which  shows  the  development  of  the  theory  of  minimum  annual 
cost  for  combined  mechanical  and  electrical  failures. 

Discussion^  pages  1213-1222,  by  Messrs.  W.  D.  Peaslee,  C.  O.  Poole, 
J.  A.  Lighthipe,  J.  H.  Anderton,  H.  A.  Barre,  J.  B.  Fisken,  R.  W.  Shoe- 
maker, E.  F.  Scattergood,  L.  C.  Williams  and  L.  M.  Klauber. 

A  general  discussion  on  the  practicability  of  the  method  described. 

16.  CONTROL,  REGULATION  AND  SWITCHING 

PREDETERlflNATION  OF  SYNCHRONOUS  PHASE-MODIFIER  PERFORMANCE 
Hubert  V.  Carpenter  Vol.  zzxviii— 1919,  pp.  1S1S-1SS9 

The  author  reviews  the  method  for  showing  the  behavior  of  trans- 
mission lines  first  given  by  Perrine  and  Baum  and  then  shows  how  it 
can  be  used  in  determining  the  effect  of  the  use  of  a  synchronous  motor 
operating  without  load  for  improving  the  power  factor. 

The  diagram  given  shows  both  the  improvement  in  voltage  regulation 


5  YNOPTICAL  JNDEX  21 

and  the  change  in  power  factor  due  to  the  phase-modifier  for  any  assumed 
condition  of  loading  for  the  transmission  line. 

The  errors  of  the  method  are  discussed  with  methods  for  determining 
their  magnitude,  and  the  advantages  of  the  graphical  treatment  pointed 
out. 

Discussion^  pages  1230-1235,  by  Messrs.  H.  B.  Dwight,  M.  O.  Bosler, 
J.  A.  Lighthipe,  P.  M.  Downing,  J.  H.  Anderton,  L.  F.  Curtis,  J.  P. 
Wilson  and  H.  L.  Melvin. 

Discussion  of  various  methods  of  determination  including  use  of  circle 
diagram. 

STARTING  CONDITIONS  OP  SYNCHRONOUS  MACHINES 
A.  Hay  anrP.  N.  MowdawaUa  Vol.  xxxrUi— 1919,  pp.  1T1S-1T55 

A  detailed  study  of  the  behavior  of  the  synchronous  motor  during 
what  has  always  been  regarded  as  a  critical  period — viz.  the  period 
when  the  motor  is  being  accelerated  from  rest  to  synchronous  speed. 

Discussion,  pages  1756-1757,  by  Q.  Graham. 

17.    TRACTION 

SOME  POSSIBILITIES  OF  STEAM  RAILROAD  ELECTRIFICATION  AS 

AFFECTING  FUTURE  POLICIES 
Calvert  Townley  Vol.  zxxiriii— 1919,  pp.  M1-91T 

Electricity  fills  every  requirement  of  railroad  service,  but  as  it  involves 
a  large  investment,  electrification  has  proceeded  slowly.  Electrification 
has  also  been  retarded  because  the  problem  has  been  largely  considered 
one  of  replacing  the  steam  locomotive  by  the  electric  locomotive  whereas 
in  reality  the  problem  is  much  broader.  It  really  offers  a  fundamentally 
different  method  of  train  propulsion  because  the  limitations  of  the  steam 
locomotive  disappear  and  the  strictly  limited  motive  power  is  replaced 
by  one  that  is  practically  unlimited,  thereby,  opening  up  many  possi- 
bilities in  the  methods  of  railroad  operation.  A  brief  review  is  given  of 
electrified  sections  of  railways  showing  the  advantages  which  have  been 
realized  in  both  the  freight  and  passenger  service. 

Discussion,  pages  628-649,  by  Messrs.  P.  H.  Shepard,  W.  S.  Murray, 
C.  Schwartz,  J.  B.  Taylor,  N.  W.  Storer,  W.  B.  Potter,  G.  P.  Sever, 
C.  P.  Scott,  G.  Gibbs,  J.  Murphy,  H.  D.  Jackson  and  C.  Townley. 

Discussion  deals  chiefly  with  coal  saving  incident  to  electrification 
particularly  that  saving  involved  in  the  proposed  super-power  trans- 
mission line,  etc. 

18.     LIGHTING  AND  LAMPS 

PRESENT  STATUS  OF  INDUSTRIAL  LIGHTING  CODES 
G.  H.  Stickney  Vol.  zzzviU— 1919,  pp.  T16-T4t 

Industrial  lighting  codes  have  been  adopted  in  four  states  and  in 
Pederal  establishments.  Similar  action  is  under  consideration  in  several 
other  states  and  there  is  prospect  of  extension  throughout  the  country. 
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Investigation  and  experience  indicate  the  need  of  government  regula- 
tion of  factory  lighting.  When  adopted  by  industrial  commissions 
under  authority  granted  by  Legislatures,  the  codes  become  in  effect 
state  law.  The  existing  codes  correspond  in  essentials  to  the  Illumina- 
ting Engineering  Society  code,  on  which  they  are  based. 

Discussion,  pages  743-765,  by  Messrs.  C.  A.  Adams,  C.  E.  Clewell, 
E.  B.  Rosa,  C.  B.  Auel,  M.  G.  Lloyd,  W.  Harrison,  J.  Vogt,  W.  P.  Hurley, 
W.  T.  Blackwell,  E.  G.  Perrott,  T.  F.  Poltz,  J.  R.  Cravath  and  G.  H. 
Stickriey. 

A  general  discussion  of  the  code  as  established  in  the  various  States. 

THB  8BARCHUGHT  IN  THE  U.  8.  NAVT 
Ralph  Kelly  Vol.  zzzriii— 1919,  pp.  160S-1M0 

The  types  and  uses  of  searchlights  and  signaling  lights  on  naval  ships 
are  briefly  described. 

A  changed  form  of  12-inch  incandescent  searchlight  is  suggested. 

The  introduction  of  the  high-power  searchlight  revolutionized  the 
application  of  the  searchlight  to  naval  ships. 

It  is  believed  there  is  also  a  possibility  of  a  considerable  improvement 
in  the  electrodes. 

The  use  of  the  dome  glass  door  enables  a  searchlight  to  operate  in 
close  proximity  to  large  calibre  rifles  and  makes  it  possible  to  successfully 
build  even  larger  sizes  of  searchlights  than  those  at  present  in  use. 

The  star  shell  has  great  possibilities,  but  it  is  doubtful  if  it  will  ever 
supersede  the  high-power  searchlight. 

Discussion,  pages  1621-1634,  by  Messrs.  D.  McNicol,  G.  A.  DeGraaf» 
M.  L.  Patterson,  E.  J.  Murphy,  J.  C.  Ledbetter,  R.  A.  Beekman,  B.  P* 
Beehler,  C.  Lichtenberg  and  R.  Kelly. 

A  general  discussion  of  searchlights  including  a  comprehensive  dis- 
cussion of  army  practise. 

19.    ELECTMCITY   IN   THE   ARMY   AND   NAVY 

THE  SEARCHLIGHT  IN  THE  U.  S.  NAVT 
lUlph  Kelly  VoL  xxxviU— 1919,  pp.  1606-lMO 

The  types  and  uses  of  searchlights  and  signaling  lights  on  naval  ships 
are  briefly  described. 

A  changed  form  of  12-inch  incandescent  searchlight  is  suggested. 

The  introduction  of  the  high-power  searchlight  revolutionized  the 
application  of  the  searchlight  to  naval  ships. 

It  is  believed  there  is  also  a  possibility  of  a  considerable  improvement 
in  the  electrodes. 

The  use  of  the  dome  glass  door  enables  a  searchlight  to  operate  in 
close  proximity  to  large  calibre  rifles  and  makes  it  possible  to  successfully 
build  even  larger  sizes  of  searchlights  than  those  at  present  in  use. 

The  star  shell  has  great  possibilities,  but  it  is  doubtful  if  it  will  ever 
supersede  the  high-power  searchlight. 
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Discussion,  pages  1621-1634,  by  Messrs.  D.  McNicol,  G.  A.  DeGraaf, 
M.  L.  Patterson,  E.  J.  Murphy,  J.  C.  Ledbetter,  R.  A.  Beekman,  B.  P. 
Beehler,  C.  Lichtenberg  and  R.  Kelly. 

A  general  discussion  of  searchlights  including  a  comprehensive  dis- 
cussion of  army  practise. 

aO.    MISCELLANEOUS  APPLICATIONS  OF  ELECTRICITY 

WELDING  BfiILD  STBBL 
H.  M.  Hobart  Vol.  zxzTiii— 1919,  pp.  M-111 

The  Welding  Research  Sub-Committee,  formed  in  1918,  was  a  sub- 
committee of  the  Metallurgical  and  Electrical  Sections  of  the  Engineering 
Division  of  the  National  Research  Council,  and  the  Welding  Committee, 
(under  the  chairmanship  of  Professor  C.  A.  Adams)  came  under  the 
direction  of  the  Emergency  Fleet  Corporation.  The  paper  is  in  large 
part  based  on  the  work  done  by  the  Welding  Research  Sub-Committee 
up  to  January  of  this  year. 

Discussion  incorporated  with  that  of  paper  by  O.   H.  Eschholz  on 
Fusion  in  Arc  Welding." 


ii 


WELDING  AS  A  PROCESS  IN  SHIP  CONSTRUCTION 
S.  V.  GoodaU  Vol.  zzzriii— 1919,  pp.  llS-119 

The  paper  points  to  the  necessity  for  a  reduction  in  the  cost  of  ship- 
building, and  as  riveting  is  one  of  the  most  expensive  items  of  construc- 
tion the  substitution  of  welding  for  riveting  would  decrease  the  cost  of 
construction  considerably.  A  brief  review  is  given  of  what  has  been 
done  in  substituting  welding  for  riveting,  and  to  the  limited  extent  to 
which  electric  welding  has  been  tried  it  has  been  found  successful.  Lloyd's 
Register  is  prepared  to  classify  electrically-welded  vessels  subject  to 
certain  provisions,  but  shipbuilders  have  not  as  yet  adopted  welding  to  a 
large  extent  for  the  reason,  in  the  author's  opinion,  that  they  know  that 
welds  are  lacking  in  uniformity  and  it  is  impossible  to  tell  when  a  joint 
is  good  or  bad. 

Discussion  incorporated  with  that  of  paper  by  O.  H.  Eschholz  on 
"Fusion  in  Arc  Welding." 

FUSION  IN  ARC  WELDING 
O.  H.  Eschholz  Vol.  zzzriii— 1919,  pp.  ai-119 

This  paper  calls  attention  to  such  characteristics  as  penetration  and 
overlap,  peculiar  to  this  process,  which  facilitate  visual  inspection  and 
discusses  briefly  the  effect  of  arc  length,  welding  procedure,  electrode 
material,  arc  current  and  electrode  diameter  upon  these  characteristics. 

Discussion  (including  that  of  papers  by  H.  M.  Hobart  and  G.  V. 
Goodall),  pages  130-177,  by  Messrs.  W.  H.  Hill,  H.  A.  Homor,  C.  A. 
Adams,  Capt.  Corbett,  A.  M.  Candy,  C.  J.  Holslag,  W.  L.  Merrill, 
D.  C.  Alexander,  Jr.,  W.  Spraragen,  J.  C.  Armor,  S.  V.  Goodall,  R.  P. 
Jackson,  F.  M.  Farmer,  W.  S.  Andrews,  J.  C.  Lincoln,  H.  Lemp,  H.  D. 
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Morton,  R.  E.  Wagner,  T.  T.  Heaton,  C.  R.  Darling,  J.  Churchward, 
C.  H.  Kicklighter,  Z.  Jeffries,  A.  S.  Kinsey,  H.  G.  Knox,  J.  Martin  and 
O.  H.  Eschholz. 

A  general  discussion  of  electric  welding  and  its  practical  application. 

UTILIZING  THB  TIMB  CHARACTERISTICS  OF  ALTERNATING  CURRENT 
Hmux  E.  Warren  VoL  xxzriU— 1919,  pp.  797-781 

By  the  invention  of  a  very  small,  simple  and  reliable .  self-starting 
synchronous  motor,  in  conjunction  with  convenient  means  for  regulating 
the  average  frequency  of  alternating  circuit,  there  has  been  developed 
a  new  field  of  usefulness  for  electric  power.  It  is  now  feasible  to  drive  all 
kinds  of  timing  devices  such  as  clocks,  graphic  instrument  movements, 
time  recorders,  etc.,  directly  from  the  lighting  circuits.  Remarkable 
accuracy  is  obtained,  and  the  amount  of  care  is  minimized  by  the  elimina- 
tion of  winding  and  regulating. 

No  discussion. 

THE  PIEZO-ELECTRIC  EFFECT  IN  THE  COMPOSITE  ROCHELLE  SALT  CRYSTAL 
A.  McL.  Nicolaon  VoL  zxxWii— 1919,  pp.  1497-1485 

The  piezo-electric  effect  is  an  electro-elastic  property  of  certain  crystals. 
It  involves  the  conversion  of  mechanical  into  electrical  energy,  and  also 
the  converse  effect.  The  paper  presents  an  exposition  of  piezo-electridty 
and  related  optical  and  other  properties  belonging  to  these  crystals. 

Applications  of  the  piezo-electric  effect  in  such  crystals  to  the  trans- 
mission and  reception  of  sound,  are  described  and  demonstrated. 

Discussion,  (including  that  of  papers  by  A.  W.  Hull  and  Morecroft 
and  Friis),  pages  1486-1493,  by  Messrs.  J.  B.  Taylor,  A.  W.  Hull,  A.  M. 
Nicolsori,  E.  A.  Eckhardt,  J.  P.  Wintringham,  Irving  Langmuir,  J.  E. 
Schroder,  D.  M.  Therrell  and  J.  H.  Morecroft. 

A  general  discussion. 

21.    TELEPHONY  AND  TELEGRAPHY 

RADIO  TELEPHONY 
E.  B.  Craft  and  E.  H.  ColpiUs  VoL  xxzriii— 1919,  pp.  SOf-MS 

This  paper  is  divided  into  two  parts.  The  first  part  describes  the 
development  of  the  art  of  radio  telephony  by  the  American  Telephone 
and  Telegraph  Company  and  the  Western  Electric  Company  to  the 
accomplishment  of  trans-atlantic  telephony,  followed  by  demonstrations 
of  the  use  of  radio  telephony  between  ships  and  of  methods  of  connecting 
radio  and  wire  telephone  systems. 

The  second  part  is  concerned  almost  entirely  with  the  work  of  pro- 
ducing radio  telephone  and  allied  apparatus  for  the  Army  and  Navy  in 
the  late  war. 

Discussion  incorporated  with  that  of  paper  by  W.  W.  Crawford  on 
Telephone  Circuits  with  Zero  Mutual  Induction.'* 
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TELEPHONE  CIRCUITS  WITH  ZERO  MUTUAL  INDUCTION 
W.  W.  Crawford  VoL  zxzirUi— 1919,  py.  4t9-4fT 

The  paper  deals  with  the  reduction  of  inductive  interference  in  tele- 
phone circuits. 

Various  relative  positions  of  two  or  more  circuits,  in  which  the  mutual 
inductance  is  zero,  and  the  mutual  capacitance  unbalance  is  approximately 
zero,  are  discussed.  The  most  important  case  is  that  when  the  two  wires 
of  one  circuit  occupy  opposite  ends  of  one  diagonal  of  a  square,  and  the 
other  circuit,  the  ends  of  the  other  diagonal. 

Several  forms  of  construction  embodying  this  arrangement,  and  built 
largely  with  standard  parts,  are  illustrated. 

Calculations  and  tentative  designs  are  presented  to  show  that  the 
use  of  these  forms  of  construction  will  give  greatest  refinement  of  balance 
against  induction  from  power  circuits,  and  possibly  also  against  cross- 
talk, increased  flexibility  in  coordinating  with  the  variations  in  exposure 
to  power  circuits,  a  simplification  of  the  transpositions  system,  fewer 
transposition  poles  and  transpositions,  and  when  desired,  the  realization 
of  a  part  of  these  advantages  with  the  lead  compressed  into  less  than 
the  normal  space. 

The  cost  of  initial  construction  of  the  proposed  forms  and  the  cost 
of  conversion  of  an  existing  lead  to  one  of  the  proposed  forms. 

Discussion  (including  that  of  papers  by  £.  B.  Craft  and  E.  H.  Colpitts, 
and  J.  R.  Carson),  pages  458-488,  by  Messrs.  G.  O.  Squier,  M.  I.  Pupin, 
A.  H.  Cowles,  A.  S.  Dana,  A.  Pinto,  V.  Bush,  J.  H.  Morecroft,  A.  G.  Chap- 
man, H.  S.  Osborne  and  J.  B.  Carson. 

A  general  discussion  including  a  description  of  the  theory  of  function- 
ing of  vacuum  tubes. 

ELECTROMAGNETIC  THEORY  OF  THE  TELEPHONE  RECEIVER  WITH 
SPECIAL  REFERENCE  TO  MOTIONAL  IMPEDANCE 

A.  E.  Kennelly  and  H.  Nakiyama  Vol.  zzxtUI — 1919,  py.  Ml-999 

The  theory  of  the  telephone  receiver  here  offered  is  based  upon  the 
motional  impedance  circle  which  has  been  published  in  various  chapters 
during  the  last  few  years.  The  new  theory,  which  is  stated  under  definite 
limitations,  is  a  further  development;  taking  into  account  the  m.  m.  f. 
produced  by  the  vibration  of  the  diaphragm  in  the  permanent  magnetic 
field. 

Discussion  incorporated  with  that  of  paper  by  A.  G.  Webster  on 
"The  Absolute  Measurement  of  the  Intensity  of  Sound." 

TRANSOCEANIC  RADIO  COMMXTNICATION 
E.  F.  W.  Alezanderton  Vol.  xzzriii— 1919,  pp.  1199-llM 

The  paper  defines  the  state  of  the  art  of  today  which  is  the  'result  of 
developments  during  the  war.  Transoceanic  radio  communication  is 
at  present  maintained  by  five  first  class  stations,  two  in  America  and 
three  in  Europe.  New  developments  indicate  three  methods  for  in- 
creasing the  radio  traflfic  without  interference  between  the  different 
messages. 
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The  second  part  of  the  paper  describes  the  radio  transmitting  system 
for  the  development  of  which  the  author  is  responsible.  This  system  is 
represented  by  the  naval  radio  station,  New  Brunswick,  N.  J.  and  com- 
prises new  means  for  generating,  modulating,  and  radiating  the  continuous 
wave  energy.  The  general  theory  and  figures  for  the  increased  radiation 
efficiency  are  given.  •  The  author  also  predicts  that  the  multiple  antenna 
will  make  possible  directive  radiation  on  a  large  scale. 

No  discussion. 

TBLBPHONB  RSPBATBRS 
Bancroft  Ohenrdi  and  Fruik  B.  Jewett  VoL  zxzirUi— 1919,  pp.  1U7-1US 

In  this  paper  the  authors  have  endeavored  to  set  forth  briefly  but 
clearly  the  history  of  the  research  and  development  work  which  has 
led  up  to  the  final  production  of  successful  telephone  repeaters.  The 
various  forms  of  amplifiers  which  have  been  suggested  are  described  and 
their  possibilities  and  limitations  pointed  out.  The  essential  properties 
of  repeater  networks  together  with  the  necessary  line  conditions  for 
successful  repeater  operation  are  described  and  illustrated.  Tandem 
operation  of  repeaters  is  discussed  as  is  also  the  use  of  repeaters  in  four- 
wire  circuits.  Illustrations  are  given  showing  a  few  of  the  more  important 
repeater  installations  now  in  regular  commercial  service  in  the  United 
States. 

No  discussion. 

PRINCIPLBS  OP  RADIO   TRANSMISSION  AND  RBCBPTION  WITH  ANTBNNA 

AND  COIL  ABRIALS 

J.  H.  Delliager  VoL  xxxriU— 1919,  pp.  1S47-140S 

Coil  aerials  are  coming  to  replace  the  large  antennas  in  radio  work. 
The  advantage  of  the  coil  aerial  as  a  direction  finder,  interference  pre- 
venter, reducer  of  strays  and  submarine  aerial,  make  it  important  to 
know  how  effective  such  an  aerial  is  as  a  transmitting  and  receiving 
device  in  comparison  with  the  ordinary  antenna.  In  i^his  article  the 
mathematical  theory  is  presented  and  as  a  result,  the  answer  to  this 
question  is  obtained.  The  fundamental  principles  of  design  of  aerials 
are  given  in  this  paper. 

Discussion,  pages  1403-1414,  by  Messrs.  F.  W.  Grover  and  A.  Press. 

A  criticism  of  assumptions  made  by  the  author. 

• 

APPLICABILITY    OF    AUTOMATIC    SWITCHING    TO    ALL    CLASSES    OP 

TBLBPHONB  SBRVICB 

A.  B.  Smith  Vol.  zzzriii— 1919»  pp.  1M7-1M9 

This  paper  is  an  attempt  to  place  before  engineers  general  information 
in  regard  to  automatic  telephone  switching. 

The  automatic  switching  of  telephone  lines  is  adaptable  to  all  classes 
of  telephone  service  and  offers  a  flexible  means  of  solving  problems. 

Discussion^  pages  1601-1604,  by  Messrs.  Selby  Haar,  L.  F.  Morehouse, 
P.  S.  Clapp,  F.  L.  Baer  and  A.  B.  Smith. 
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imiFICATION    OF   THB    MANUAL  AND   AXTTOMATIC    TBLBPHONB   SYSTEMS 
D.  E.  Wisenum  Vol.  xzzriii— 1919,  py.  IMf-lflO 

A  description  is  given  of  the  physical  consolidation  of  the  Bell  manual 
and  the  Automatic  Electric  telephone  systems  of  Los  Angeles,  Cal., 
which  previously  to  June  1,  1918  operated  as  separate  systems. 

No  discussion. 

22.    MISCELLANEOUS  TOPICS  AND  INSTITUTE  AFFAIRS 

AERONAUTICS  IN  THE  UNITED  STATES,  1918 
O.  O.  Squier  Vol.  xzxriii — 1919,  pp.  1-91 

Major  General  George  O.  Squier,  Chief  Signal  Officer  of  the  United 
States  Army,  reviews  in  this  address  the  development  of  Military  Aero- 
nautics in  the  United  States  up  to  the  date  of  the  armistice,  November  11, 
1918. 

No  discussion. 

WELDING  MILD  STEEL 
H.  M.  Hobart  VoL  zxzriii— 1919,  pp.  99-111 

The  Welding  Research  Sub-Committee,  formed  in  1918,  was  a  sub- 
committee of  the  Metallurgical  and  Electrical  Sections  of  the  Engineering 
Division  of  the  National  Research  Council,  and  the  Welding  Committee, 
(under  the  chairmanship  of  Professor  C.  A.  Adams)  came  under  the 
direction  of  the  Emergency  Fleet  Corporation.  The  paper  is  in  large 
part  based  on  the  work  done  by  the  Welding  Research  Sub-Committee 
up  to  January  of  this  year. 

Discussion  incorporated  with  that  of  paper  by  O.  H.  Eschholz  on 
"Fusion  in  Arc  Welding." 

WELDING  AS  A  PROCESS  IN  SHIP  CONSTRUCTION 
S.  V.  OoodftU  Vol.  zzxirUi— 1919,  pp.  119-119 

The  paper  points  to  the  necessity  for  a  reduction  in  the  cost  of  ship- 
building, and  as  riveting  is  one  of  the  most  expensive  items  of  construc- 
tion the  substitution  of  welding  for  riveting  would  decrease  the  cost  of 
construction  considerably.  A  brief  review  is  given  of  what  has  been 
done  in  substituting  welding  for  riveting,  and  to  the  limited  extent  to 
which  electric  welding  has  been  tried  it  has  been  found  successful.  Lloyd's 
Register  is  prepared  to  classify  electrically-welded  vessels  subject  to 
certain  provisions,  but  shipbuilders  have  not  as  yet  adopted  welding  to  a 
large  extent  for  the  reason,  in  the  author's  opinion,  that  they  know  that 
welds  are  lacking  in  uniformity  and  it  is  impossible  to  tell  when  a  joint 
is  good  or  bad. 

Discussion  incorporated  with  that  of  paper  by  O.  H.  Eschholz  on 
"Fusion  in  Arc  Welding." 
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FUSION  IN  ARC  WBLDINO 
O.  H.  Bschholz  Vol.  zzxviii— 1919»  pp.  111-119 

This  paper  calls  attention  to  such  characteristics  as  penetration  and 
overlap,  peculiar  to  this  process,  which  facilitate  visual  inspection  and 
discusses  briefly  the  effect  of  arc  length,  welding  procedure,  electrode 
material,  arc  current  and  electrode  diameter  upon  these  characteristics. 

Discussion  (including  that  of  papers  by  H.  M.  Hobart  and  G.  V. 
Goodall),  pages  130-177,  by  Messrs.  W.  H.  Hill,  H.  A.  Homor,  C.  A. 
Adams,  Capt.  Corbett,  A.   M.  Candy,  C.  J.  Holslag,  W.  L.   Merrill, 

D.  C.  Alexander,  Jr.,  W.  Spraragen,  J.  C.  Armor,  S.  V.  Goodall,  R.  P. 
Jackson,  F.  M.  Farmer,  W.  S.  Andrews,  J.  C.  Lincoln,  H.  Lemp,  H.  D. 
Morton,  R.  E.  Wagner,  T.  T.  Heaton,  C.  R.  Darling,  J.  Churchward, 
C.  H.  Kicklighter,  Z.  Jeffries,  A.  S.  Kinsey,  H.  G.  Knox,  J.  Martin  and 
O.  H.  Eschholz. 

A  general  discussion  of  electric  welding  and  its  practical  application. 

BNOINBSRIN6  AND  INDUSTRIAL  STANDARDIZATION 
C.  A.  Adamt  Vol.  xxxriti— 1919,  pp.  179-189 

An  address  presented  at  Midwinter  Convention. 

RSVDEW    OP    WORK    OP    SUB-COMITTBE  ON    WAVB    SHAPE    STANDARD    OP 

THB  STANDARDS  COMMITTBB 

H.  S.  Otborne  Vol.  xzzriii— 1919»  pp.  Itl-IM 

The  paper  gives  a  review  of  the  work  done  during  the  past  three  yearS 
by  a  sub-committee  of  the  Standards  Committee  of  the  Institute  appointed 
to  make  recommendations  for  changes  in  the  Institute's  rules  regarding 
the  wave  shape  of  alternators.  The  Sub-Committee  last  spring  made 
recommendations  that  for  the  present  the  ten  per  cent  deviation  rule 
should  be  retained  without  change  (except  in  wording),  and  that  trial 
use  should  be  made  of  a  supplementary  wave  shape  factor.  The  new 
factor,  based  on  the  relation  between  voltage  wave  shape  and  interfering 
effect  in  telephone  circuits,  when  power  and  telephone  liiies  parallel  each 
other,  is  called  the  "telephone  interference  factor." 

Discussion  (including  that  of  paper  by  C.  P.  Steinmetz),  pages  289- 
303,  by  Messrs.  C.  F.  Scott,  C.  R.  Underbill,  A.  E.  Kennelly,  C.  P.  Stein- 
metz, J.  B.  Whitehead,  W.  J.  Foster,  J.  B.  Taylor,  J.  J.  Linebaugh, 

E.  E.  F.  Creighton,  L.  W.  Chubb,  C.  A.  Adams,  L.  T.  Robinson,  C.  F. 
Harding  and  H.  S.  Osborne. 

A  general  discussion. 

IONIZATION  OP  OCCLUDBD  GASES  IN  HIGH-TBNSION  INSULATION 
6.  B.  Shanklin  and  J.  J.  Matson  Vol.  xzxrUi— 1919,^pp.^489-8S9 

This  paper  deals  with  the  ionization  of  occluded  gases  in  solid  insulation 
from  the  standpoint  that  these  gas  spaces  are  the  weakest  part  of  an 
insulation  design  and  should  receive  first  consideration.  The  stress  at 
which  ionization  starts  in  different  types  of  built-up  insulation,  such  as 
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used  in  cables  and  coils,  is  measured  and  from  these  measurements  a 
safe  working  stress  determined. 

Discussion  incorporated  with  that  of  paper  by  F.  Dubsky  on  "The 
Dielectric  Strength  of  Air  Films  Entrapped  in  Solid  Insulation  and  A 
Practical  Application  to  the  Problem  for  Alternator  Coils  and  Cables.** 

THE  DIELECTRIC  STRENGTH  OF  AIR  FILMS  ENTRAPPED  IN  SOLID  INSULA- 
TION AND  A  PRACTICAL  APPLICATION  OF  THE  PROBLEM  FOR  ALTERNATOR 

COILS  AND  CABLES 
F.  Dubiky  Vol.  xzxviii— 1919,  pp.  UT-SM 

An  experimental  investigation  of  the  strength  of  air  films  of  various 
thicknesses  between  glass  plates.  In  the  arrangement  used,  the  break- 
down of  the  air  or  the  starting  point  of  corona  could  be  readily  observed. 
Tests  were  also  made  of  the  dielectric  strength  of  air  films  between  other 
solid  insulations. 

It  was  found  that  the  dielectric  strength  of  air  films  between  insula- 
tions was  practically  the  same  as  the  dielectric  strength  of  air  films 
between  conductors. 

The  second  part  of  the  paper  is  devoted  to  the  practical  application  of 
the  data  to  the  design  of  armature  coils  and  cables,  and  several  specific 
examples  are  given. 

Discussion  (including  that  of  paper  by  G.  B.  Shanklin  and  J.  J.  Matson) 
pages  559-575,  by  Messrs.  H.  G.  Reist,  L.  W.  Chubb,  J.  B.  Whitehead, 
C.  A.  Adams,  W.  J.  Foster,  H.  W.  Fisher,  R.  E.  Argersinger,  C.  F.  Hard- 
ing, R.  W.  Atkinson,  D.  Du  Bois,  F.  W.  Peek,  Jr.,  E.  E.  F.  Creighton, 
J.  J.  Matson,  W.  I.  Middleton,  E.  W.  Davis  and  F.  Dubsky. 

A  general  discussion. 

THE  ABSOLUTE  MEASUREMENT  OF  THE  INTENSITY  OF  SOUND 
Arthur  O.  Webster  VoL  xzzriii— 1919,  pp.  701-711 

This  paper  includes  a  description  of  a  series  of  acoustical  researches 
extending  over  a  period  of  twenty-eight  years.  The  properties  of  vibrat- 
ing bodies  and  the  subject  of  elastic  hysteresis  are  discussed.  Two 
fundamentally  important  instruments  for  the  absolute  measurement  of 
sound  have  been  developed  and  the  theory  given.  The  first  is  the 
standard  of  sound,  called  the  phone,  which  is  capable  of  reproducing  at 
any  time  a  sound  of  the  simplest  character  and  which  permits  the  output 
of  sound  to  be  measured  in  watts  of  energy.  The  second  is  an  instru- 
ment called  the  phonometer  for  measuring  a  sound  in  absolute  measure. 
This  instrument  is  now  practically  as  sensitive  as  the  human  ear.  The 
determination  of  the  space  distribution  of  sound  and  of  the  effect  of 
disturbing  bodies,  and  the  measurement  of  the  reflecting  coefficient  of 
surfaces  have  been  accomplished.  The  phonotrope  is  a  third  instrument 
designed  and  used  to  find  the  direction  of  a  source  of  sound,  for  example 
a  fog  signal. 

Discussion,    (including   that  of   paper  by  A.   E.   Kennelly  and   H. 
Nukiyama),  pages  713-723,  by  Messrs.  J.  B.  Taylor,  T.  E.  Shea,  B.  A. 
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Behrend,  R.  L.  Jones,  A.  G.  Webster,  H.  S.  Osborne,  A.  Press  and  A.  E. 
Kennelly. 

A  general  discussion  including  the  algebraic  theory  of  the  receiver  and 
the  application  of  the  circle  diagram. 

COOPERATION 
C.  ▲.  Adamt  Vol.  xxxTiii— 1919,  pp.  78S-798 

President's  Address. 

TBCHNICAL  COMMITTBB  RSPORT8 

Vol.  zzxTiii— 1919,  pp.  8T1-919 

THE  VACUUM  TUBE  AS  A  GENERATOR  OF  ALTERNATING-CURRENT  POWER 
John  H.  Morecroft  and  H.  Trap  Friia  Vol.  zzxriii— 1919,  pp.  1419-1444 

The  first  part  of  this  article  deals  with  the  operation  of  the  tube  when 
separately  excited,  the  variation  of  power  with  the  amount  of  excitation, 
the  load  impedance,  etc.,  and  also  gives  an  analysis  of  the  forms  and 
phases  of  voltages  and  currents  in  the  different  parts  of  the  circuit. 

The  second  part  deals  with  the  efficiency  of  the  tube  as  a  generator; 
the  action  is  analyzed  in  detail  and  the  conditions  for  maximum  efficiency 
deduced,  the  theoretically  deduced  conclusions  being  substantiated  by 
experimental  data.  Oscillograms  are  given  to  show  the  action  of  the 
tube  under  practically  all  the  conditions  which  are  likely  to  occur. 

Discussion  incorporated  with  that  of  paper  by  A.  M.  Nicolson  on 
"The  Piezo-Electric  Effect  in  the  Composite  Rochelle  Salt  Crystal." 

THE  POSITIONS  OF  ATOMS  IN  METALS 
A.  W.  HoU  Vol.  xzzTiii— 1919,  pp.  1449-14U 

When  a  narrow  beam  of  X-rays  passes  through  a  fine  powder  of  any 
crystalline  material,  it  produces  on  a  photographic  plate  placed  just 
behind  the  powder  a  pattern  of  concentric  circles.  These  circles  are 
produced  by  the  reflection  of  the  X-rays  from  the  planes  of  atoms  in  the 
crystal,  and  their  diameters  are  a  measure  of  the  distances  between  these 
planes  of  atoms.  By  measuring  he  diameters  of  the  circles  the  exact 
positions  of  the  atoms  can  be  determined.  The  results  of  this  analysis 
are  given  for  twenty  common  metals  and  several  salts,  with  examples 
and  brief  description  of  the  method,  and  a  discussion  of  the  results. 

Discussion  incorporated  with  that  of  paper  by  A.  M.  Nicolson  on 
"The  Piezo-Electric  Effect  in  the  Composite  Rochelle  Salt  Crystal." 

THE  PIEZO-ELECTRIC  EFFECT  IN  THE  COPOSITE  ROCHELLE  SALT  CRYSTAL 
A.  McL.  Nicolson  Vol.  zzxyiU— 1919,  pp.  14C7-14M 

The  piezo-electric  effect  is  an  electro-elastic  property  of  certain  crystals. 
It  involves  the  conversion  of  mechanical  into  electrical  energy,  and  also 
the  converse  effect.  The  paper  presents  an  exposition  of  piezo-electridty 
and  related  optical  and  other  properties  belonging  to  these  crystals. 


SYNOPTICAL  INDEX  31 

Applications  of  the  piezo-electric  effect  in  such  crystals  to  the  trans- 
mission and  reception  of  sound,  are  described  and  demonstrated. 

Discussion,  (including  that  of  papers  by  A.  W.  Hull  and  Morecroft 
and  Friis),  pages  1486-1493,  by  Messrs.  J.  B.  Taylor,  A.  W.  Hull,  A.  M. 
Nicolson,  E.  A.  Eckhardt,  J.  P.  Wintringham,  Irving  Langmuir,  J.*_E, 
Schroder,  D.  M.  Therrell  and  J.  H.  Morecroft. 

A  general  discussion. 

A  REPORT  ON  BLECTROMAGNETIC  INDUCTION 
S.  J.  Bamett  Vol.  zxxvUi— 1919,  pp.  1499-lSlS 

This  report  discusses  briefly  the  chief  fundamental  results  obtained 
from  the  days  of  Faraday  to  the  present  time  in  studying  the  electro- 
motive forces  ordinarily  referred  to  the  domain  of  electromagnetic 
induction. 

Self-induction  is  first  taken  up. 

The  motional  electromotive  force,  developed  when  matter  moves 
in  a  magnetic  field,  is  next  considered  and  is  derived  from  Ampere's  law 
on  the  electron  theory. 

The  induced  electromotive  force  in  fixed  conductors  and  insulators 
arising  from  the  motion  or  alteration  of  other  systems  is  next  considered. 

The  report  closes  with  a  treatment  of  unipolar  induction  in  both  so- 
called  open  and  closed  circuits,  including  brief  descriptions  of  some  of  the 
principal  experiments,  a  discussion  of  the  theories  involved,  and  their 
application  to  the  unipolar  generator. 

No  discussion  of  this  paper. 

INHERENT  LIMITATIONS  ON  TRANSFORMATIONS  POSSIBLE  BY  STATIONARY 

APPARATUS 

Joieph  Slepian  VoL  xzxrUi— 1919,  pp.  1997-1711 

Expressions  for  electrostatic  and  electromagnetic  energies,  Joulian 
heat  dissipation  and  power  are  given  in  complex  quantities.  The  pure 
imaginary  part  of  the  expression  for  power  in  a  static  network  is  shown  to 
be  equal  to  2  07  times  the  difference  between  the  mean  electromagnetic 
energy  and  mean  electrostatic  energy.  Use  is  made  of  this  new  principle 
in  considering  the  problems  of  power-factor  correction  and  phase  splitting. 
It  is  shown  that  in  general  for  phase  transforming  by  static  apparatus 
both  magnetic  and  electrostatic  storage  of  energy  are  necessary,  and  it 
is  shown  how  the  minimum  amounts  of  each  are  determined  by  the  load. 

The  symmetry  of  the  coefficients  in  the  general  equations  for  the 
steady  state  in  a  static  network  is  demonstrated,  and  it  is  shown  that 
limitations  upon  voltage  and  current  transformations  follow.  The  voltage 
regulation  of  any  phase-splitting  arrangement  is  considered. 

No  discussion. 
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Aerials,  coil,  principles  of  (See  Radio  Transmission) 

Aeronautics,  air,  physical  conception 18 

U.  S.,  1918 1 

accessories 7, 17 

aerodynamics 34 

aircraft  engines 52 

airplane  fabrics 37 

radiators 35 

carburetion 36 

direction  finders,  radio 50 

fliers,  classification  of 29 

maintenance  of  efficiency 31 

physiological  study  of 27 

helium,  commercial  production 23 

ignition  problems 36 

light  alloys , 36 

meteorological  service 24 

National  Advisory  Committee 39 

personnel 4, 17 

power  plants 34 

radio  development,  airplane  telegraph  sets  50 

telephone  sets  49 

vacuum  tubes 45 

investigations 34 

raw  materials 6, 17 

Science  and  Research  Div.  of  Signal  Corps, 

work  of 41 

service  engines 13 

planes,  DeHaviland  4 12 

Handley-Page 12 

training  equipment 5 

Air-brake  disconnectors,  220-kv.  transmission 1095 

dielectric  strength,  Pashen's  Law 498 

table 498 

films,  between  glass  plates,  dielectric  strength 539 

metal  surfaces,  dielectric  strength 638 

break-down  of,  effect 638 

dielectric  strength  of 537 

in  armature  coils,  effect  on  design 546 

physical  conception  of 18 

Alternating  current,  frequency,  standard  maintenance,  master  clock  769 

time  characteristics,  utilization  of 767 

Ammeter,  imptilse 855 

Antenna,  multiple,  theory  of 1281 

radio,  transmission  and  reception  principles  (See  Radio 
Transmission,  etc.) 

Arc,  ground  suppressor,  use  of 866 

Armature  coils,  air  films  in  insulation,  effect  of 646 

Arrester  gaps,  horn,  spark-over,  wet  vs.  dry 1142 

relative  discharge  values 1163 

selective 1146 
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Arrester  gaps  (continued) 

sphere,  covered 1143 

horn,  spark-over,  wet  vs.  dry 1143 

spark-over,  wet  vs.  dry 1140 

transmission,  lightning,  effect  of 1137 

various  types,  protective  values,  relative 1150 

Atoms,  position  of,  centered  cubic,  iron 1450 

face  centered  cubic  arrangement 1448 

in  metals 1446 

measuring  machine  description 1453 

rod 1455 

calibration 1467 

powder  photographs,  interpretation  of    1459 

tetrahedral  arrangement 1453 

Audion,  theory  of 1309 

Automatic  telephony,  applicability 1667 

Automobile,  headlights 890 

Balanced  protection,  transmission  lines 860 

Bonding,  cable,  single-conductor 951 

Bushings,  transmission,  lightning,  effect  of 1137 

Cable,  multi  vs.  single  conductor 918 

power,  dielectric  field 971 

actual  cable  tests 1000 

capacitance  and  charging  current ....  977 

data,  practical  application  of 1009 

effect  of  stranding 1008 

sector  cable 1013 

a9M<l  electrolyte,  use  of 998 

stress  measurement,  electrolyte  tank. .  983 
inside  potential,  determination  of,  diagram  of  con- 
nections   1002 

three-phase,  nature  of  field 980 

single-conductor,  advantages  and  disadvantages 949 

bonding  and  grounding 961 

design  of 921 

dielectric  losses 925 

predetermination  of 935 

effective  resistance,  theoretical  solution . .  959 

grading  insulation 923 

high-tension,  polyphase  systems 917 

inductive  characteristics 936 

parallel,  non-magnetic  sheaths,  theoretical 

solutions 956 

self -inductance,  theoretical  solution 962 

vs.  three-conductor  lines 946 

underground,  heating  of 944 

Cables,  air  films  in  insulation,  effect  of 546 

high  tension,  stress  at  surface,  limits 1017 

insulation,  occluded  gases  in,  effect  of 489 

split-conductor 815 

underground 878 

line  characteristics 964 

load  vs.  average  temperature 967 

hot-spot  temperature 968 

California,  future  power  demand 1238 

power  resources,  table 1238 

Capacity,  line,  220,000  volt  transmission 1243 

Carbons,  searchlight  use 1613 

Charging  current,  220,000  volt  transmission 1242 

Circuit  breakers,  oil,  220  kv.  transmission 1092 

Clamps  and  fittings,  220  kv.  transmission 1069 

Coal,  U.  S.  production,  amount 632 
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Codes,  lighting,  industrial,  present  status  (See  Lighting  Codes, 
Industrial,  etc.) 

Condensers,  charging  of,  time  required 600 

Conductors,  aluminum-steel,  mechanical  characteristics 1054 

current  distribution  in,  unequal 245 

single,  high-tension,  cable,  polyphase  systems 917 

various  types,  advantages 1046 

Conduit,  underground,  heating  characteristics,  representative 944 

Cooperation,  President's  Address 783 

research 788 

standardization 785 

Corona,  effect  on  insulation,  corrosive  action 565, 570 

loss  data,  220  kv 1048 

220  volt  transmission 1241 

Cost,  construction,  220  kv.  transmission 1097 

insulators,  porcelain,  suspension 1209 

welding,  gas  vs.  electric 85 

Crystal,  Rochelle  salt,  piezo-electric  effect 1467 

Current,  arc,  welding. 125 

Curtis  turbines,  steam,  characteristic  curves 1533 

speed  and  power,  limits 1527 

wheel  breakages,  cause 1531 

Dielectric  field,  power  cable 971 

losses,  cable,  single- conductor 925 

strength,  air  films 337 

table 498 

Dielectrics,  protective  gaps 1139 

transient  voltages,  effect  of 1137 

Direction  finder,  radio 50 

Economics,  electric  service,  committee  report 891 

Education,  committee  report 915 

Efficiency,  telephone  receiver,  equation .    717 

Electric  circuit,  charging,  quarter  wave 224 

constants,  various  frequencies 259 

general  equations  of 191 

line  constants,  current  distribution,  effect  of 194 

finite  velocity  of  electric  field  effect 

of 195 

high  frequency,  effect  of  size,  shape 

and  material 205 

lightning  conductors 200 

variation  of 192 

radiation  resistance,  inductance  and  capacity ....  248 

rectangular  wave,  attenuation  of 222 

steel  wave  fronts,  flattening  of 234 

zone   of,    return    conductor  vs. 

ground  return 229 

travelling  wave,  rectangular 231 

unequal  current  distribution  in  conductors 245 

wave  decay 214 

Electrical  networks,  transient  oscillations  in,  theory  of  (See  Trans- 
ient oscillations,  etc.) 

Electrification,  railroad,  possibilities 621 

Electrode,  diameter,  welding 126 

material,  welding 124 

Electrodes,  welding,  testing 100 

Electromagnetic  induction,  report  on 1495 

theory,     telephone     receiver     (See     Telephone, 
receiver,  etc.) 

Electrophysics,  committee  report 896 

Engineering  standardization 179 

Engines,  aircraft 52 
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Feeders,  parallel  operation 800, 850 

Fixation,  atmospheric  nitrogen,  silent  discharge  method 565 

Frequency,  25  cycles  vs.  60  cycles,  220  kv.  transmission 1120 

meters,  errors  of 772 

oscillation,  transformer  windings 588 

standard  maintenance,  master  clock 769 

meter  vs.  master  clock  method  773 

value  of 774, 776 

Fusion,  arc  welding 121 

welding,  mild  steel 65 

Gas,  welding,  bending  tests 109 

field 83 

Gases,  occluded,  ionization  of,  high-tension  insulation 489, 537 

Generator,  a-c,  vacuum  tube 1416 

oscillation,  radio  telephony 314 

r^dio,  transoceanic 1276 

Generators,  turbo,  G.  E.  Co.,  sizes  in  use 1554 

mechanical  stresses 1647 

single-shaft,  ampere  turns,  rotor  vs.  stator  ....  1639 

capacities  vs.  speed 1643 

peripheral  speed,  limits 1540 

rotor  deflection 1541 

speed  and  output,  limits 1637 

transportation  facilities 1642 

ventilation 1640 

winding  temperatures 1541 

Ground  suppressor,  arcing,  use  of 866 

Grounded  neutral,  transmission  system 827,  833 

Grounding,  cable,  single-conductor 951 

.  Ground  wires,  overhead,  220  kv.  transmission 1061 

.  Harmonics,  amplitude,  determination  of 1183 

order  and  amplitude,  determination 1179 

method 1181 

practical       exam- 
ple  1185,1188 

determination  of 1182 

Heat  generation,  stationary  apparatus,  formulas 1702 

Helium,  commercial  production 23 

High-tension  cable,  single  conductor,  polyphase  systems 917 

Illumination  and  lighting,  committee  report 885 

Inductance,  mutual,  reactance  coils  parallel  axes 1675 

Induction,  electromagnetic,  report  on 1495 

motor,  polyphase,  single-phase  on  rotor,  theory  of 1739 

mutual,  telephone  circuits,  effect  of  power  circuits 451 

square   vs.  flat   phantom . .  482 
square  vs.  flat  phantom  ap- 
plication to  existing  plant  484 
square  vs.  flat  phantom  cost  483 
square    vs.    flat     phantom 

maintenance 484 

transpositions,  cost 443 

methods 
of  cal- 
cula- 
tion   .  445 
variation  in  spacing,  effect 

of 449 

various  transpositions 432 

various  transpositions  com- 
parison of 436 

zero,  telephone  drcuits 429 

unipolar 1608 
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Inductive  interference,  telephone  circuits,  reduction  of .......... .  429 

Industrial  lighting  codes,   present  status   (See    Lighting    codes, 
industrial,  etc.) 

standardization 179 

Instruments,  committee  report 912 

Insulation,  effect  of  corona  on.  corrosive  action 565,  570 

graded  single-qpnductor  cable 923 

high  tension,  occluded  gases,  causes  of 490 

ionization  of 489, 537 

three-conduc- 
tor cable..  506 
conductor 
with  rect- 
angular 
#  cross  sec- 
tion   624 

curves 492 

distorted 
wave  effect  496 
effect  of  age- 
ing   609 

maximum 
stress,  con- 
ductor   to 

sheath 608 

strength  of 

air 497 

thickness  of  gas  spaces, 

determination  of 503 

220,000  volt  transmission 1241 

Insulators,  220  kv.  transmission,  grading;  of 1065 

metallic  shields 1066 

disk,  electrical,  characteristics,  220  kv.  transmission. . .  1062 

mechanical  characteristics 1067 

high  tension . . .  ^ 878 

suspension,  failure,  accumulation  as  a  cause 1211 

conditions  governing  over  insulation  1200 

effect  of  tension 1216 

mechanical 1207 

probability  per  instdator,  diagram.  1203 

testing,  cost  of 1209 

theory  of  probabilities 1199 

potential  gradient 1219 

transmission,  lightning,  effect  of 1137 

Interference,  telephone,  factor,  limiting  values,  determination  of .  . .  273 

relation  to  wave  shape 266 

single  frequency  currents,  relative  effects 

of 275-277 

tests,  reading  and  articulation 267 

Ionization  currents,  measurement  of 1470 

gases,  occluded,  high  tension  insulation 489,  537 

Iron  and  steel  industry,  committee  report 909 

Lighting,  automobile  headlights 890 

codes,  industrial,  daylight 730 

distribution ^  736 

emergency ";  737 

enforcement 739, 757 

Federal  safety  standards 750 

glare,  factors  involved 760 

limit 736 

history 727 

inspectors,  training  of 744           1 
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Lighting,  codes,  industrial  (continued) 

intensity  specification 732 

necessity  for 726 

scope 728 

specifications 729 

status 726 

factory 888 

motion  picture  lamps 889 

protective 888 

street,  progress  in 886 

Lightning,  arrester  gaps  (See  Arrester  gaps) 

effect  on  gaps,  insulators  and  bushings 1137 

Machine,  a-c.  armature  coils,  air  films  in  insulation,  effect  of 546 

Marine,  committee  report 905 

Measurement,  absolute,  intensity  of  sound 701 

Measurements,  committee  report 912 

Metals,  position  of  atoms 1445 

Meteorological  service,  U.  S.  1918 24 

Meters,  frequency,  errors  of 772 

Mines,  use  of  electricity  in,  committee  report 908 

Motors,  polyphase,  theory,  single-phase  on  rotor 1739 

synchronous,  effect  on  transmission  lines 1223 

starting  conditions 1713 

timing  device  drive 767 

description  of 768 

Mutual  induction,  zero,  telephone  drcuits  (See   Induction,  mu- 
tual, etc.) 

Neutral,  grounded,  transmission  systems 827, 833,  865 

Nitrogen,  fixation  of,  silent  discharge  method 565 

Oil,  total  production,  U.  S 643 

Operation,   parallel,   power  plants   (See   Power   plants,    parallel 
operation) 

Osallations,  transient,  electrical,  networks,  theory  of 345 

Parallel  operation,  feeders 800 

power  plants  (See  Power  plants,  parallel  opera- 
tion, etc.) 

Permittivities,  coil  insulation,  various  materials,  table 550 

Permittivity,  plate  glass,  variation  with  temperature 543 

Phase  modifier,  synchronous  performance,  determination  of 1223 

spUtting,  stationary  apparatus 1704 

Phone,  sound  measurement 709 

Phonodeik,  sound  measurement 706 

Phonometer,  sound  measurement 705 

Phonotrope,  sound  measurement,  direction  of 710 

Piezo-electric  effect,  ionization  currents,  measurement  of 1470 

Rochelle  salt  crystal 1467 

applied  stresses 1475 

axial  compression 1476 

polarity  and  dressing 1474 

sound  transmitter 1481 

crystallography 1471 

electricity 1469 

Pilot  wire  system,  transmission  line  protection 816 

Polyphase  motor,  theorv,  single  phase  on  rotor 1739 

systems,  cable,  high-tension,  single  conductor 917 

Power  factor,  improvement  of,  effect  of  synchronous  motors 1223 

compensation,  stationary  apparatus 1703 

industrial  and  domestic,  committee  report 881 

plants,  parallel  operation  of 1651 

cost  of  transmission 1662 

phase  angle  variation,  maximum 

permissible 1666 
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Power,  plants,  parallel  operation  {continued) 

synchronizing  power  formula ....  1656 

vector  diagram 1663 

wattless  current  vs.  tie  line  power  1659 

station  capacity,  U.  S 642 

stations,  committee  report 871 

transmission,  220  kv.  (See  Transmission,  220  kv.) 

President's  Address 783 

Protective  devices,  committee  report 893 

gaps. 1139 

relays,  transmission  line  (See  Relays,  transmission  line, 
etc.) 

Radio,  aerials,  coil,  design  of . . 1381 

vs.  antenna,  relative  effectiveness 1395 

antenna  effect 1392 

condenser  aerial 1370 

electrostatic  vs.  magnetic  fields 1365 

induction  vs.  radiation,  discussion  of  distinction 1406 

radiation  vs.  reception 1364 

reception,  antenna,  formula  derivation 1357 

coil,  formulas,  derivation 1360 

current  and  voltage,  principle  of  measurement. .  1378 

factor 1379 

resistance,  radiation 1390 

surroundings,  effect  of 13(94 

telephony  (See  Telephony,  radio,  etc.) 

transmission    and    reception,    antenna    and    coil    aerials, 

prindples 1347 

formulas,  deriva- 
tion   1351 

coil  aerial,  formulas,  deriva- 
tion    1354 

vs.     antenna,     comparison 

formulas 1367 

formulas 1373 

aerial,  height  of 1377 

limitation 1376 

transoceanic 1269 

generating  system 1276 

modulator 1279 

multiple  antenna 1281 

speed  regulator 1277 

high  speed  signaling 1272 

radiation,  directive 1284 

reception,  directive 1273 

traffic  capacity,  future  possibility 1270 

wave  lengths,  closer  spacing  of 1275 

Railroad,  electrification,  possibilities 621 

Railway,  electrification,  steam  vs.  electric  operation,  power  con- 
sumption   632 

Reactance  coils,  formulas  for 1675 

parallel  axes,  mutual  inductance  formulas 1675 

mechanical  force  between 1680 

repulsion  of 1681 

short,  self -inductance 1692 

long,  self-inductance 1693 

Receiver,  telephone,  electromagnetic  theory    (See   Telephone  re- 
ceiver, etc.) 

Relays,  220  kv.  transmission 1097 

current  directional,  application  of 859 

nomenclature 839 

testing  and  setting 850 
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Relays  {continued)      ,.        ^  ,          ,         ,  _^.  o™, 

transnussion  Une,  balanced  protection VM 

inverse  time-current,,  typical  apphcation  806 

paralld  operation 800 

pilot  wire  system °^ 

present  practise *^J 

protection j96 

settings,  determination  of 802 

split- conductor  cable 816 

testing  and  setting 801 

tripping 804 

types  definitions •J^ 

under-current  and  over-voltage , .  , 8w 

Repeaters,  telephone J^J 

asynchronous  generator  type louo 

balancing  of  lines.^ J™ 

tooster  type  circuit J3j3 

Boston-Washington  cable Iw 

classification }Zm 

d-c.  and  a-c.  generator  type Jo^ 

four-wire  circuit 1338 

historical J28B 

line  impedance 1330 

cable  lengths,  effect  of 1336 

loading  coils 1332 

mercuiy  vapor J318 

method  of  applying                |340 

negative  resistance  type.  . J320 

New  York— San  Francisco  arcuit,  diagram. .  IddU 

operation  tandem JnXi 

repeater  element 129* 

Shrieyetype 13M 

the  circmt '■%%% 

vacuum  lulje  type loO' 

21and22type 1324 

Report,  committee  on  use  of  electricity  in  mines WU» 

economics  of  electric  service 891 

educational  coniraiUee           816 

electrochemistry  and  electrometallurgy  committee 8«o 

electrophysics  committee |™ 

industrial  and  domestic  power  committee 881 

instruments  and  measurements  committee 812 

*        iron  and  steel  industry  committee ™" 

lif  hting  and  illumination  committee 886 

marine  committee |™ 

protective  devices  committee 8W 

technical  committees        871 

telegraphy  and  telephony  committee 8B7 

transmission  and  distribution  committee 878 

Research  cooperation ^88 

Resistance,  radiation,  electric  circuit *™ 

Searchlights. ...    889 

U.S.  Army j«27 

U.  S.  Navy Jw5 

12  in.  incandescent 1609 

Aldislamp 1«08 

arc,  high  power Si 

low  power 1*11 

blinker,  portable  tube 1606 

yard-arm 1607 

carbons ^S'o 

glass  doors  for 1618 

star  shell,  use  of 1619 

ventilation  of 1617 
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Ship  construction,  welding  process 113 

Single-phase,  network,  transforming,  general  theory 1708 

winding,  rotor,  polyphase  motor 1739 

Sound,  intensity  of,  absolute  measurement 701 

measurement,  coefi&cient  of  reflection 709 

direction  of,  phonotrope 710 

phone 709 

phonodeiks 706 

phonometer ! 706 

Speed  regulator,  generator,  radio 1277 

Split-conductor,  cables 816 

Spot  welding,  mild  steel 67 

Standard,  wave  shape 261 

Standardization,  classification 180 

cooperation 786 

engineering  and  industrial 179 

machinery  of 186 

need  and  value 184 

Star  shells,  use  of 1619 

Starting,    conditions,    synchronous  machines  (See    Synchronous 
machines,  etc.) 

Steam  turbines,  single  shaft,  speed  and  power,  limits 1616, 1627 

Substation,  equipment,  220  kv.  transmission 1086 

Superpower  transmission 631 

220  kv 1037 

California,  220,000  volt 1237 

systems     of     California,     Nevada     and 

Arizona,  map 1247 

Synchronizing  power,  parallel  operation  of  power  plants;  formula. .  1666 

Synchronous  machines,  starting 1713 

open  vs.  closed  field  windings  ....  1728 

torque,  accelerating 1716 

torque,  due  to  eddy  currents 1723 

hysteresis 1717 

induced  currents 1720 

squirrel  cage  starting 1719 

pulling  into  synchronism 1724 

speed  curves 1718 

varying  magnetic  reluctance 1716 

motor,  timing  device  drive 767 

Technical  Committee  Reports 871 

Telegraph,  radio,  airplane  sets 60 

Telegraphy  and  telephony,  committee  report 897 

radio,  transoceanic  (See  Radio,  transoceanic,  etc.) 
Telephone,  circuits,  mutual,  induction,  zero  (See  Induction,  mu- 
tual, etc.) 

receiver,  bipolar,  magnetic  circuit 663 

mechanical  system 663 

efiiciency 717 

electric  and  magnetic  relation,  algebraic  dis- 
cussion   714 

electromagnetic  theory 661 

e.  m.  f.  diagram,  diaphragm  damped 667 

e.  m.  f.  diagram,  diaphragm  free 668 

force  diagram,  diaphragm  damped  and  free.  666, 670 

impedance  diagram,  diaphragm  damped 660 

free 6ttl 

motional  power  diagram. 681 

distribution,  magnetic  circuit  684 

power  diagram,  diaphragm  damped  and  free.  663 

winding  turns,  effect  of  changing 687 

repeaters. 12S7 


I 
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Telephones,  radio,  airplane  sets 49 

Telephony,  automatic,  applicability 1567 

controlling  circuit 1576 

community  exchange 1586 

durability  and  maintenance 1581 

equipment  characteristics 1573, 1583 

line  faults,  effect  of 1579 

long  distance 1599 

operating  company's  requirements 1571 

relays 1574 

rural 1683 

subscriber's  requirements 1568 

toll  switching 1591 

between  exchanges 1592 

manual  and  automatic,  unification  of,   Los  Angeles 

system 1636 

radio 306 

aircraft 327 

development  of  apparatus 330 

experimental  work 329 

ignition  interference 340 

radiating  systems 339 

short  wave  type 338 

wind  driven  generators,  voltage  regulation  331 

Arlington- Darien  experiment 316 

Honolulu  experiment 319 

Paris  experiment 320 

audion,  introduction  of 310 

battleship  equipment 322 

commeraal  development 332 

first  field  trials 313 

first  system  description 306 

fundamental  prinaples 308 

future  of 342 

Heising  modulation  system 328 

militarv  use 326 

multiplex 324 

N.  Y. — Arlington — Mare  Island  demonstration  . .  318 

oscillation  generator 314 

practical  developments 321 

submarine  chaser,  equipment 341 

vacuum  tubes,  receiving,  characteristics 334 

transmitting,  characteristics 335 

"Wehnelt  Cathode"  type 333 

Temperatures,  rotor,  turbo  generators 1541 

Testing,  electrodes,  welding 100 

relays 801 

Time  characteristic,  alternating  current,  utilization  of 767 

Torque,  synchronous  machines 1716 

Tower,  transmission  line,  river  crossing,  Toledo  system 837 

Towers,  transmission,  220  kv 1071 

Transformations,  stationary  apparatus,  inherent  limitations 1697 

phase  splitting 1704 

power  and  energy 1699 

power    factor    compensa- 
tion   1703 

Transformer,  bushing 864 

bus  type 864 

voltages,  abnornml 677 

abrupt  impulses 678 

condenser  reaction  of  transformer  681^ 

high  frequency  impulses 679 
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Transformer,  voltages,  abnormal  {continued) 

initial  effective  capacitance,  steep 

wave  front 699 

initial  voltage  distribution 582 

St  e  e  p 
wave 

front  695 

surge  impedance -.586, 609 

transient  voltage  distribution. . . .  583 

types  of 577 

voltage  to  ground  and  per  turn, 

maximum 585 

waves  with  long  tails 679 

windings,  high- voltage,  high-frequency  tests 692 

impulse  tests  on 590 

oscillation,  natural  frequency 688 

Transformers,  220-kv.  transmission 1090 

Transforming  network,  sinele-phase,  general  theory 1708 

Transient  oscillations,  artificial  line  indicial  admittance,  solution 

for 367 

electrical  networks,  general  formulas 347 

indicial  admittance  de- 
termination of 356 

indicial  admittance 
Fourier's  Integral  so- 
lution   369 

indicial         admittance 

power  series  solution .  357 
indicial         admittance 
Synthetic  method  of 

solution 369 

theory  of 345 

leakageless  line  indicial 
admittance    solution 

for 381 

loaded  cable,  approx- 
imate solution 384 

smooth     line,     voltage 

formulas,  solution  for  332 
smooth    line,    or    con- 
tinuously loaded,  line 
indicial     admittance 

solution  for 376 

transmission  line  with 
terminal  impedances 

synthetic  solution. . .  403 

Transmission  and  Distribution,  Committee  report 876 

220  kv 1037 

aluminum  steel  conductor,  characteristics. . . .  1054 

220,000  volt,  California 1237 

60  vs.  60  cycles 1240 

charging  current 1242 

corona '. 1241 

generators 1244 

msulation 1241 

line  capacity 1243 

mechanical  construction. . . .  1244 

operation 1244 

clamps  and  fittings 1069 

conductors,  electrical  characteristics. . .  1047 

materials  and  types 1045 

connections,  Y  vs.  delta 1044 


44  TOPICAL  INDEX 

Transmission,  22,000  volt,  {continued) 

construction  coat 10B7 

corona 1045 

loss  data X048 

design  features 1042 

disconnectors,  air  brake 1095 

disk,   insulators,  electrical   character- 
istics   1062 

econonuc  span,  determination  of 1083 

fiddfor 1038 

frequency 1043.1120 

higb  voltage  switchiag 1088 

insulators,  disk   mechanical  character- 
istics   1067 

grading  of 1065 

metallic  shields 1066 

types  available. 1061 

oil  circuit  brealiers.         1093 

overhead  ground  wires 1061 

protective  equipment 1089 

relay  svstem.                 1097 

station  and  substation  equipment 1086 

towers 1071 

deterioration,  galvanizing 1086 

transformers 1090 

connections 1088 

three-phase  vs.  singlephasc  iiOS 

balanced  protection  i-LliLMnL',                 860 

current  directional  relays,  application  of .....  . .  gsg 

grounded  neutral,  bushing  transformers 854 

bus-type  transformer 854 

Chicago  svstem 865 

current  practise 827.822,865 

N.  Y.  Edison  system 827 

Toledo  system 833 

Keneral  scheme. . . .  836 

igh  tension 836 

landing  tower 837 

United  Elec.  Lt.  &  Pr.  Co 828 

line,  power  factor,  synchronous  motor  effect 1223 

protection,    relays    (See    Relays,    transmission 
line  etc.) 

regulation,  circle  diagram 1230 

balaneed  protection  schemes 808 

para.l!el  operation  of  feeders,  savings  effected —    . .  850 

protective  devices,  Chicago  system     846 

relays,  method  d1  tnpping 857 

testing  and  setting. 850 

radio,  principles  (See  Radio,  transmission,  etc.) 

superpower  line 631 

sy5iL-in!i,    transient   oscillations   in,    theory   of    (See 

uni^                                 -1.  urrcnt  relays,  application  of  863 

Turbines,  steam,    ■                              n      1551 

single  ;  and  power,  limits 1515,  1527 

speed  and  power  limits,  blades,   material  specifi- 
cation   1621 

double  flow  low-pressure 

stages 1523 

economic 1524 

physical 1518 

theoretical 1516 
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Turbo  generators,  single  shaft,  speed  and  output,  limits. .  .  •. 1637 

Underground  cables,  line  characteristics 964 

Unipolar  induction 1608 

Vacuum  tubes,  currents  and  voltages,  phases  and  forms  in  tube 

circuit 1420 

development 46 

efficiency  of 1424 

functioning  of,  description 472 

generator  of  a-c.  power 1416 

high  frequency,  action  at 1442 

power  output 1416 

safe  load 1418 

S.  C.  R.  67,  characteristic  curves 478, 480 

circuit  diagram 476 

self-excited 1439 

static  characteristics,  curves 1426 

Ventilation,  turbo  generators,  single  shaft 1540, 1555 

Voltage,  abnormal,  transformer  (See  Transformer  voltages,  etc.) 

Wave  form,  harmonics,  determination  of 1179 

shape  standard,  sub-committee    of    Standards    Committee, 

review  of  work 261 

telephone  interference,  relation  to 266 

Welding,  a-c,  bare  vs.  covered  electrodes 79 

consideration  as  single-phase  load 81 

periodicity 78 

power  factor 80 

vs.  d-c.  quality 80 

speed 79 

arc,  current 126 

ductility 82 

fusion  in 121 

overlap 122 

penetration 122 

Wirt-Jones  tests 107 

deposited  metal,  composition 76 

d-c.  vs.  a-c 78 

electric,  arc  length,  effect  of 94 

automatic 91 

•  and  semi-automatic  machines 160, 166 

bare  vs.  covered  electrodes,  relative  ductility 87 

carbon-arc 91 

composition  of  plates,  effect  of 174 

contacts,  current  densities  at 146 

corrosion  by  sea  water 138 

disk  depression  method 166 

electrodes  and  currents 166 

coating  of 136 

preferable  size 90 

relation  to  work 163 

exclusion  of  oxygen 130 

fatigue  tests 142 

layers,  number  of 93 

one  transformer 148 

operators,  protection  of 143 

training  of 131 

polarity 148 

potential  required 137 

preparation  of  edges 92 

rigid  vs.  non-rigid 93 

sfip  plates,  contraction  stresses 144 

specifications 166 

speed 87 
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Welding,  electric,  speed  {continued) 

obtained 132, 133 

spot,  strength  of 135 

subsequent  heat  treatment 170 

suitable  current 89 

tests,  standardization  of 141 

thickness  of  plates 134 

thin  material 167 

uniform  arc  length,   maintenance  of ... .  149 

voltage  effect 90 

electrodes,  diameter 126 

material 124 

testing,  standard  procedure 100 

fusion,  currents  employed 70 

mild  steel 65 

gas,  bending  tests 109 

vs.  electric,  comparative  costs 85 

respective  fields 83 

mild  steel 63 

operators,  training  of 96 

overhead,  quality  of 93 

polarity 77 

resistance 145 

ship  construction 113 

cost  of 116 

lap  vs.  butt 116, 128 

time  saving 115 

spot,  duplex  type 68 

mild  steel 67 

vs.  arc r 94 

tests,  technique  of 97 

wire,  bare  and  covered 72 

Wirt- Jones  tests  arc  welded  ship  plates 107 
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